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Summary
rJ 1his Thesis presents evidence to show how the accumulation and decline of the 
cytochrome P-450IA1 within the cells of the yeast Saccharomyces cerevisiae being 
grown in a 14% glucose medium is intimately associated not only with the actual 
Dissolved Oxygen Tension of the medium but corresponds to the changing levels of 
oxygen in the medium.
J^m phasis is placed on the finding that the history of the treatment of the culture is 
important in determining the present response of the cells to the change in the 
Dissolved Oxygen Tension of the medium.
J^vidence is presented to support the finding that, given certain pre-requisits in the 
history of the fermentation and also that the whole fermentation is conducted within 
a certain band of dissolved oxygen tension, the rise in cytochrome P-450IA1 content of 
the yeast cells is associated with a time of increasing level of dissolved oxygen in the 
medium.
(^jimilarly, the loss of cytochrome P-450IA1 from the yeast cells is associated with 
falling levels of oxygen in the medium.
^ ^ f  particular importance is the process of recovery from Anoxia where the yeast 
culture has previously been grown anaerobically and is then supplied with oxygen 
by turning on the air supply. Brief mention is made of the potential commercial 
importance of repeatedly subjecting a culture to anaerobic and aerobic conditions.
(^Jeveral other fermentation factors such as the ethanol concentration of the medium, 
the demand for alkali, and the percentage of carbon dioxide in the exhaust gases 
were also examined in detail to determine their value in predicting the amount and 
timing of cytochrome P-450IA1 produced by the culture.
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Summary
T he evidence presented is drawn from the numerous fermentation experiments 
carried out by the author over the eight years from January 1983 to the present.
' ^ ’ital to these investigations was the use of a computer to control precisely the 
fermentation parameters such as pH, agitation rate, and temperature as well as 
recording the measurements made by probes inserted into the fermentation tank.
^^lthough the vast majority of the data is drawn from experiments carried out in a 
computer-controlled 5 litre fermentation tank, comparisions are also made with 
fermentations carried out in 250 cm shake flasks.
^ J r e a t  reliance was placed throughout the work on the ability to draw numerous 
samples of cells and medium from the same fermentation, so as to accurately track 
the events in that fermentation. Not only were many sample required but these needed 
to be drawn at regular intervals throughout the 24 hour period to ensure that no events 
were missed during the night.
rJ 1he raw data from the experiments which was collected at the time is here presented 
in the form of graphs which best illustrate the findings of the research.
^ l th o u g h  this research work was mostly carried out using the yeast strain 
Saccharomyces cerevisiae NCYC 754, mention is also made of the occurence of 
cytochrome P-450IA1 in other strains.
6
Nomenclature
Nomenclature
rJ 1he term “Cytochrome P-450" was previously used as a collective name for a group 
of monooxygenase enzymes whose reduced carbon monoxide difference spectra 
have Soret peaks near 450 nm. This will have included cytochrome P-448 which was 
believed to be the major form in yeast which has not been chemically induced. {Please 
see the section in Chapter 4 on multiple forms.}
'J'he particular yeast cytochrome of interest in this 
research has been recently renamed as 
Cytochrome P-450IA1.
y y ^ h ere  an author has used the term “cytochrome P-450” in a published paper for 
what might now be called cytochrome P-450IA1, then the author’s term is left 
unchanged in any quotation from the paper.
y y ^ h ere  the term “P-450” is used this refers to cytochromes P-450. Similarly, if the 
term ”P-420" is used this refers to cytochrome P-420, and “P-450IA1” refers to 
cytochrome P-450IA1.
y y ^ h ere  the term “CO-bound” is used it refers to a carbon monoxide bound cytoch­
rome.
J ^ a te s  are expressed in the British format - dd/mm/yy.
^ i m e  is, unfortunately, sometimes expressed in the data as decimal hours —0.33 of 
an hour is of course 20 minutes.
'^y^henever the term “run” is used, it refers to the process of growing the yeast in 
shake flasks and subsequently using the yeast from these shake flasks to inoculate
7
Nomenclature
the medium in a 5 litre fermentation tank, and then growing the yeast in this tank. The 
complete process lasts about a week.
r J 1he abbreviation “NCYC” refers to the National Collection of Yeast Cultures and 
the number following, such as NCYC 754, defines the strain of the yeast used.1
A1 of the experiments which were carried out in the 5 litre fermentation tank are 
named by refering to the date of the inoculation with yeast previously grown up in 
shake flasks
rJ 1he experiments carried out in the shake flasks are named by referring to the date 
of inoculation of the agar slope.
[1] Other abbreviations and units used may be found in the Appendix
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CHAPTER 1
INTRODUCTION
Chapter 1 -  Introduction
1.1 The Purpose of the research
rJ 1o gain an understanding of the conditions under which cytochrome P-450IA1 is 
produced by the yeast Saccharomyces cerevisiae during the fermentation process, 
and to use computer control to optimise such production so as to produce either the 
maximum yield of cytochrome P-450IA1, or else the best yield of cytochrome P-450IA1 
per unit cost.
^J^he microcomputer allows an accurate control of the parameters of the fermentation, 
that is impeller speed, pH, D.O.T., and temperature.
rJ 1raditionally, fermentation was associated with the production of ethanol, but re­
cently the scope of fermentation has widened and assumed enormous commercial 
importance.
Jp ’ermentation is now employed not only to produce biomass such as single-cell 
protein for animal feed but also quantities of very valuable products such as 
antibiotics and Interferon.
rJ 1his particular product, cytochrome P-450IA1 with which this research is concerned 
is much in demand by other workers for their own research. Hence the aim of this 
research is not only to gain a theoretical understanding of the production of cytoch­
rome P-450IA1, but also to find practical methods of optimising the production.
1.2 Outline of the methods used
rJ 1he fermentation process takes place in a glass tank which has a maximum capacity 
of 5 litres. The working volume actually used was 4 litres so as to allow some head 
space at the top of the fermentation tank.
p le a s e  see the diagram overleaf in figure I.
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1.2.1 An Outline Diagram of the apparatus used
Acid - 
supply
Alkali
supply
Acid . 
pump
Computer control
D.O.T. _
probe j
Alkali
pump
Agitator motor 
pH probe 
 5 litre tank
Temperature control Unit
X
Filtered 
air pump
\ /
Oxygen
analyser
Carbon
dioxide
analyser
Figure - 1
A block diagram of 
the fermentation apparatus used
further diagram of the apparatus appears overleaf
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1.22 Diagram of the control equipment used
(  X ) * -Aikaii
Agitator motor
r A
\
J
Computer control
pump pump
5 litre tank
Digital to Analogue 
interface
Temperature control Unit
Figure - II
Control equipment used
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1.2.3 Block diagram of the monitoring system
R.P.M. data
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Digital interface f  D.O.T.
Agitator motor
Computer 
data logging
Temperature control Unit
pH probe
Oxygen
analyser
Carbon
dioxide
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Figure - III
The monitoring system
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1.3 The history of fermentation
J^ o n g  after the discovery of penicillin in 1929, the Second World War suddenly created 
an urgent need for the production of large quantities of the antibiotic. This was 
really the first major use of fermentation technology to produce substances other than 
food for humans or animals.
J n  1932 Nyquist had advanced his “feedback control theoy” (NYQUIST 1932), and 
then by the 1940s digital computers began to become available, again the main 
incentive for development being the Second World War. By the 1960s antibiotic fer­
mentations were benefiting from the controlled addition of sugars and the use of feed 
forward control.
J n  1965 the first application of computer control to a fermentation for the production 
of monosodium glutamate was published (YAMASHITA 1969). By the 1970 there 
had been a rapid proliferation of computer-aided fermentation units, not only on the 
laboratory scale but also pilot scale and large-scale fermentation.
i.3.i The State of the Art
rJ 1he two main limitations at the moment would seem to be firstly, in the availability 
of sensors to measure the biological, physical and chemical parameters that need 
to be measured in order to closely follow and understand the progress of the fermen­
tation.
rJ 1he second, and perhaps more important limitation lies in our lack of understanding 
of the biochemical processes involved so that the information gained from the 
measurements is not used in a rational basis for control.
j y j a n y  present-day fermentations seem to proceed on a purely empirical control 
algorithm.
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T he objectives of computer-aided fermentation include : -
•  a) The logging of data for future analysis
•  b) Energy Conservation - energy costs can represent 10-20% of total costs 
(COONEY 1975).
•  c) Process optimisation, which could be designed :- 
■  To produce as much as possible of the substance.
I  To produce as high a titre as possible of the substance in the medium, in 
order to improve the extraction in downstream processing.
H  To maximise the conversion yield from the raw materials - raw materials 
costs often form up to 75% of the overall costs . (COONEY 1975)
j y j u c h  work has been done by my colleagues at the University of Surrey on new 
techniques of process optimisation.
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Chapter 2  -  Description of the Techniques used
2.1 Growing the yeast Saccharomyces cerevisiae
2.1.1 Source of the yeast
rJ ,he yeast strain Saccharomyces cerevisiae NCYC 240 which had been used in pre­
vious investigations at the University of Surrey, has been shown to consist of two 
morphological variants, NCYC 753 and NCYC 754.
rJ 1he variant NCYC 754 is the major component at 80%, the other 20% of the 
NCYC 240 being NCYC 753. Saccharomyces cerevisiae NCYC 754 was obtained on 
agar slopes.
Q t h e r  strains of Saccharomyces cerevisiae and other yeasts were also obtained from 
the National Collection of Yeast Cultures at Norwich as freeze-dried ampoules.
rJ 1able A below list those which were investigated for their potential to produce
sufficient quantities of cytochrome P-450 to be of interest.
Various strains obtained from NCYC
Yeast NCYC
Strain
number
Saccharomyces cerevisiae
240
754
Saccharomyces cerevisiae var ellipsodeus
365
506
Schizosaccharomyces pomhe
132
380
936
Table - A
Strains of yeast
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2.1.2 Agar Slopes
(^terile  slopes of Sabouraud-dextrose agar were made up by adding 62 g of the agar 
to distilled water and making up to 1 dm . The mixture is boiled and then sterilised 
for 15 minutes at 121°C. The yeast was transferred to these fresh slopes by using a 
platinum wire loop which had been sterilised in a flame.
rJ 1he yeast was allowed to grow on the new slope at 25°C for a few days and then 
transferred to a refrigerator and held at 5°C until required. Care was taken to note 
the age of a slope before use.
2.1.3 Shake flasks
J^jterile shake flasks with a volume of 250 cm3 were used to grow enough yeast for 
subsequent inoculation of the tank. The flasks were inoculated with yeast from a 
slope using a platinum wire sterilised in a flame. Each flask was sealed with either a 
loose plug of either cotton-wool or polyurethane foam during sterilisation and incuba­
tion.
rJ 1he use of polyurethane foam became standard during the later stages of the work 
when it was critical to standardise the ingress of air. Care was taken during 
inoculation to avoid the ingress of air-borne micro-organisms. The mouth of each flask 
was flame sterilised.
^jphe flasks were shaken 120 times a minute, with a stroke length of 40 mm, in a 
waterbath at 30°C for about 36 hours. (The exact length of time the shake flasks 
spent in the waterbath was recorded, in case it may, on future analysis have proven to 
be important). Each flask had a volume of 250 cm3 and contained 100 cm3 of medium.
J ^ o  antifoam was used in the shake flasks as little or no foaming ever occurred in 
these experiments.
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2.1.3.1 Shake flask medium
\GlucoseAg |  Made up to 400 cm3 with distilled water.
MycologicalPeptone 16g 
YeastExtract 8g 
Sodium Chloride 4g
Made up to 400 cm3 with distilled water.
rJ 1he glucose was made up and heated in the steriliser separately from the rest of the 
medium so as to avoid a reaction between it and the amino acids present in the rest 
of the medium during the heating of the sterilisation process.
^ J a r e  was take to note the batch numbers and source of supply of the materials used.
Shake Flask Medium
price
typical
purchase
quantity
cost 
per 8  
flasks
Glucose £15.30 10 Kg £1 .2 2 p
Mycological peptone £70 1 Kg £1 .1 2
Yeast extract £9 1 Kg 7.2p
Sodium chloride relativelycheap
^ o t a l  cost for the 8  flasks is £1 .2 0
Table - B
Cost of shake Flask medium
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2.1.3.2 Sterilisation
J t  is important that the glucose is heated separately from the amino acids present in 
the yeast extract and the peptone. The flasks containing either the glucose in distilled 
water, or else the rest of the medium in distilled water were sterilised in a pressure 
cooker at 15 psi for 15 minutes. The flasks were allowed to cool to room temperature 
before being inoculated with yeast. Seldom was any contamination by other micro-or­
ganisms apparent during these experiments.
2.1.3.3 Fermentation Locks
J^-bend fermentation locks were fitted to the shake flasks which were required to be 
anaerobic. The traps were filled simply with distilled water and allowed the release 
of exhaust gases whilst preventing the ingress of airborne micro-organisms.
Figure IV
Fermentation lock
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2.1.4 Tank conditions
2.1.4.1 Antifoam
Jpoaming is to be avoided because the bubbles in the foam set up shear stresses which 
can damage protein molecules.
0.5 cm3 of poly(propylene glycol) H  [COH {CH$) CHi ]n OH was added to the tank 
before sterilisation.
'J ’his amount was effective in suppressing foaming 
throughout the run without any further addition of 
antifoam.
'^ f h i l e  it is widely believed that this amount of poly(propylene glycol) has no adverse 
effects on the yeast it should be noted that the poly(propylene glycol) could have 
an effect in that it is known to produce proteases and could therefore greatly reduce 
the yield, The ideal solution is to use no antifoam at all if this is possible with the 
particular tank in use.
2.1.4.2 Sterilisation of the tank.
rJ ,he tank was removed from the fermentation unit, and the loose ends of pipes were 
sealed with cotton wool and aluminium foil to prevent ingress of micro-organisms 
after sterilisation. The main bearing of the impeller was protected from water by 
covering with aluminium foil. Sterilisation was carried out at 15 psi for 10 minutes. This 
short time was used to avoid damage to plastic seals and pipes on the tank. The oxygen 
probe survived repeated sterilisations, however, it proved necessary to sterilise the pH 
probe by other means to avoid damage. Immersing the pH probe in dilute hydrochloric 
acid proved effective.
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2.1.4.3
o contamination by other micro-organisms was ever noticed in several years of use 
of the fermentation unit. After the fermentation run the tank was thoroughly 
washed with water using a nozzle to direct jets of water at the inside of the tank. This 
was effective in removing yeast debris adhering to the sides of the tank. The tank was 
filled with distilled water and left with water in it until the next run. The sterilisation 
was carried out just before each fermentation run.
Tank medium
^Glucose562g J Made up to 3 dm3 with distilled water
MycologicalPeptone 41.6g 
YeastExtract 67.6g 
Sodiumchloride 3.6g
Made up to 1 dm3 with distilled water.
^ ^ a re  was take to note the batch numbers and source of supply of the materials used.
The cost of making up the fermenter tank medium
Purchase
Price
Typical
purchase
quantity
Cost
of 4 dm3 of 
tank medium
Glucose £15.30 10 Kg 8 6 p
Mycological Peptone £70 1 kg £2.91
Yeast Extract £9 1 Kg 60p
Sodium chloride relativelycheap
Total cost for the tank medium is £4.37. Adding the medium cost of 8  flasks 
gives an overall cost of £5.57 for each run.
Table - C
Cost of the tank medium
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2.1.4.4 Tank medium sterilisation
J t  is important that the glucose is heated separately from the amino acids present in 
the yeast extract and the peptone. One flask containing the glucose in solution in 
distilled water, and another flask containing the rest of the medium in solution in 
distilled water were sterilised in a commercial sterilisation unit. The flasks spent one 
hour in superheated steam at 15 psi.
a practical note it is important not to release the 
pressure suddenly when sterilising liquids as they will 
boil over. The instruction to discharge condensed water at 
intervals must therefore not be carried out.
rJ 1he medium will subsequently be transferred to the tank as aseptically as possible 
using sterilised tubing. It has been suggested that the medium is placed in the tank 
an hour or two in advance of adding the yeast so that the medium can have its pH 
adjusted and reach oxygen saturation. However there is then a chance that any micro­
organism present will have a chance to become established before the yeast starts to 
compete. No contamination was found in any of the experiments carried out in this 
manner so the advantages probably outweigh the risks.
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2.1.5 Sources of the reagents used
jy^jycological Peptone was obtained from
r 'N
London Analytical & Bacteriological Media Ltd
50 Mark Lane
London
EC3R 7QJ
->
"Y ’east Extract (code L21) was obtained from
/ ----------------- \
Oxoid Ltd
Basingstoke
Hampshire
V J
^J.lucose was obtained from Sigma Ltd.
(podium dithionite and sodium chloride from BDH
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2.1.6 Sources of the apparatus used
rJ 1he fermentation unit was obtained from
t L.H. Fermentation Ltd 
Bell’s Hill 
Stoke Poges 
Bucks
 >
rJ 1he Computer was an APPLE” HE and the computer printer an EPSON” .
rJ^he computer program and control interfacing were supplied by
✓ ; \
Henfrey Engineering
Heatherstone Lodge 
West Drive 
Ascot 
Berks
V____________________ /
rJ ,he Oxygen Analyser was a Servomex OA580 obtained from Sybron. 
'JU ie  Carbon dioxide Analyser was a type SS100 obtained from
✓ "     1 -v
Analytical Development Co 
Herts
 V_____________________ /
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2.2 The fermentation run
y ^ fte r  sterilisation, the tank was reconnected into the fermentation unit where it is 
held firmly by bolts through the top plate. The tubing to the cooling/heating water, 
the filtered air supply, the acid, the alkali, the pH meter are all connected. The wiring 
to the pH, dissolved oxygen probes, and temperature compensation for the pH meter 
is rejoined. The agitator is driven from above by a flexible coupling to the motor.
J^jterile glucose solution and the rest of the sterile medium (which had been heated 
separately to the glucose) are transferred into the tank as aseptically as possible by 
means of a peristaltic pump.
rJ 1he lOg wet weight of yeast is also washed into the tank.
^ ^ n  powering up the computer system, an autoboot file causes the fermentation 
program file to be loaded and executed.
J^aram eters (such as RPM) to be used during the run can either be typed in or loaded 
from a file on disc.
' J ’he printer is initialised and the print interval selected. Early runs used a 10 minute 
print interval, but it was found that a certain instability exists in the control system 
and a print interval of 1 minute has been used since so has to follow closely any loss of 
control.
rJ 1he system clock of the computer is set for the time and date which will be recorded 
on the printouts.
rJ 1he measurements made are calibrated at the start of the run and as necessary 
throughout the run. The RPM for example is calibrated against a digital counter 
attached to the motor shaft.
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rJ 1he air flow rate is adjusted manually. The reservoirs of acid and alkali are filled with 
4M solu tions and the levels recorded. The exhaust gases are passed through a long 
tube containing silica gel (which needs to be dried every few weeks) into the oxygen 
and carbon dioxide analysers. The carbon dioxide analyser actually pumps a sample of 
the exhaust gases through both analysers. It has been found in practice that care must 
be taken that the rate of gas flow through the oxygen analyser does not exceed a certain 
value, otherwise false readings result.
^^ooling water is supplied from the mains. However during the Summer months the 
temperature of this mains water is too high, and so an extra cooling unit was built. 
The tank itself was surrounded by a large water bath into which was pumped water 
from a refrigeration unit.
(^jamples of 20 cm3 (or 40 cm3) are withdrawn by using a pipette inserted through the 
top plate.
^ ^ t  the end of the run the yeast is harvested by siphoning off the medium into a flask 
in an ice bucket ready for the disrupting step.
2.3 Measurements (on-line and off-line)
rJ 1he term “on-line" means that the measuring or controlling device is connected to a 
port of the computer, and can either send or receive data. The computer has an 
Analogue to Digital (A/D) interface to receive data from the measuring devices, and 
a Digital to Analogue (D/A) interface to send out control signals.
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rJ 1he data received by the computer from the measuring devices is :-
•  a) written to a file which forms a log of the run.
•  b) used to calculate the feedback signals which control the fermentation.
The term “off-line” implies that the measurement was performed using apparatus 
which could not provide a direct input to the computer. It is perhaps only a matter 
of time before all the measurements can be done on-line using suitable apparatus. 
There are however real practical difficulties, for example yeast cells have been known 
to attach to the glass or plastic surfaces of cuvettes and obscure them.
2.3.1 Biomass measurements (Off-line)
S
o o
amples of 20 cm or (40 cm ) of the medium and yeast cells were spun down using 
a bench centrifuge for 5 minutes at 24 500 rpm. The resulting pellet of yeast was 
found to be firmer, after an equal amount of centrifugation, in the later stages of the 
fermentation. The supernatant was decanted off and retained. The tube was then 
inverted and wall liquid drained in a way standard to each reading. The wet weight of 
yeast was then taken.
JJro b e s  are available which attempt to measure the cell concentration in situ in the 
tank. One type of probe shines a light across a small gap onto a photocell, this is 
straight forward, but the requirement to exclude air bubbles is less so.
2.3.2 Cytochrome P-450IA1 measurements (off-line)
[CO refers to carbon monoxide]
^^ytochrome P-450IA1 is assayed in the intact cell by the method of Omura and Sato
(Omura 1964). The carbon monoxide-bound form of reduced
cytochrome P-450IA1 has an absorption maximum at 450 nm with an extinction 
1 1coefficient of 91.mmol .cm .
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20 cm3 sample (early readings require a 40 cm3 sample, because of the relatively 
low concentration of yeast cells in the medium) of the fermentation medium was 
taken as aseptically as possible at intervals and the cells spun down using a bench 
centrifuge for 5 minutes at 24 500 rpm. The wet weight of the cells was recorded.
pJ 1he cells were resuspended in distilled water to give a concentration of 0 .1  g.cm'3 
and placed in two cuvettes. Sodium dithionite was added to both cuvettes. A 
Pye-Unicam SP1800 spectrophotometer was used to obtain a scan from 400 nm to 
500 nm. Carbon monoxide was then passed at the rate of 1 bubble per second via a 
Pasteur pipette for 30 seconds into one of the cuvettes.
^ * a re  was taken in adhere to this rate and time as some workers have reported that 
they are critical to the measurement. The other cuvette which does not receive any 
carbon monoxide acts as a reference. As the yeast settles to the bottom of the cuvette, 
it has been standard practice to invert the cuvettes six times before inserting them back 
into the spectrophotometer.
J^om e workers have reported that they are troubled by the yeast cells clumping 
together which affects the reading, and they have been unable to suggest reasons 
for such clumping. No such problem occurred in these experiments during the assay of 
cytochrome P-450IA1, see however the section on flocculation, please see page 87 }
rJ 1he paper chart in the chart recorder is wound back so that the second scan is drawn 
over the first, this facilitates reading the difference at 450 nm between the unbound 
and the carbon monoxide-bound forms of the cytochrome P-450IA1. The second scan 
from 400 nm to 500 nm is then obtained as soon as possible. It has been standard 
procedure during these experiments to take the scan as soon as possible after adding 
the carbon monoxide. It may be the case that a slight increase in the reading is obtained 
by workers who take the reading a minute or two later.
41
Chapter 2  -  Description of the Techniques used
rJ 1he concentration of cytochrome P-450IA1 is calculated from the difference in 
absorption at 450 nm before and after the carbon monoxide. A correction is made 
for the difference between the first and second lines at 490 nm.
Calculation.
j n ACr. , - 3  divisions x  2 0 0 0nmols P—450 Am = -------- —---------91
useful indication is given by :-
, r, divisions x  2 0nmols P —450/g wet weight — -------—-------
assuming a suspension of 0 .1  g.cm 3 of yeast in the fermenter
The cuvettes were used only once.
^ ^ n  alternative method of calculating the level of cytochrome P-450 was used by 
Karenlampi (KARENLAMPI 1980). The heights of the peaks were measured at 
450 nm and 420 nm. The level of the cytochrome P-450 was then calculated by assuming 
that the difference in millimolar absorbance of the haemoprotein between 450 nm and 
500 nm is 92.mmol-1 .cm-1 (YOSHIDA 1977). The height of the peak at 420 nm was 
measured by Karenlampi as the difference between the maximum at 420 nm and the 
minimum which occurs between 450 nm and 420 nm.
jy^jitochondrial cytochrome oxidase has a trough at 441 to 445 nm in the reduced 
CO-difference spectrum, therefore in cells with fully developed mitochondria this 
may interfer with the measurement of cytochrome P-450. To overcome this the micro­
somal fraction can be isolated and its P-450 content determined.
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2.3.2.1 Spectral properties of Cytochrome P-450.
rJ 1he most distinctive spectral property of cytochrome P-450 is its absorbance at 
around 450 nm in the reduced CO-difference spectrum. There is also an absorption 
at around 550 nm for both the reduced form and the reduced CO complex.
2.3.3 Alcohol measurement (Off-line)
kit of reagents from “Boehringer” (kit number 176290) was used in these determi­
nations. Ethanol is oxidised in the presence of the enzyme alcohol dehydrogenase 
(ADH) by nicotinamide-adenine dinucleotide (NAD) to acetaldehyde (ethanal).
ETHANOL + NAD +  --------------- ETHANOL + NADH +
rJ ,he equilibrium of this reaction lies on the left hand side. It can however be 
completely displaced to the right by alkaline conditions and by trapping the ethanal 
formed. Ethanal is oxidised in the presence of aldehyde dehydrogenase (AL-DH) 
quantitatively to acetic acid (ethanoic acid)
AL-DH
ETHANAL + NAD + + H20  ------ ► ETHANOIC ACID + NADH+ H +
rJ 1he level of NADH is determined spectrophotometrically by measuring its 
absorbance at 340 nm. Please see the calculation overleaf :-
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^Calculation
r™. . ,  0.714 x AE x 1000[Ethanol] = ----------7 ^----------
o J
rJ 1he amount of NADH formed is stoichiometric with half the amount of substrate :-
rJ 1he samples were obtained from the supernatant after the yeast cells had been spun 
down in a bench centrifuge. The test-tubes containing the samples were stoppered 
with parafilm. The test is a sensitive one and care must be taken to exclude alcohol 
vapour from the atmosphere; especially where bottles of absolute alcohol are present 
in the laboratory as a reagent or for calibration purposes. It is important that the test 
is carried out soon after taking the sample.
^ ^ s  the reagent kit is expensive, attempts were made to find a cheaper assay method.
•  a) Gas Chromatography equipment.
•  b) A small hygrometer was made up to measure the specific density of the 
liquid anhence calculate the percentage of alcohol. The hygrometer was in­
fluenced by the concentrations of glucose and other material and proved 
unreliable.
{list continues overleaf}
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•  c) Another assay method involves the use of alcohol dehydrogenase to reduce 
NAD to NADH/H + which reduces the hydrogen ion acceptor PMS (phenzine 
methosulphate). This causes the yellow tetrazolium salt INT (2-p-iodophenyl- 
3-p-nitrophenyl-5-phenyl tetrazolium chloride) to turn red. The red colora­
tion can be measured at 495-500 nm.
•  d) In 1988, CLINISTIX™ for the rough estimation of ethanol concentration 
became commercially available. Consideration has been given to ways to 
remove the ethanol from the tank during the fermentation as it is toxic to the 
yeast. The use of dialysis tubing looked a possibility.
Glucose measurement (Off-line)
CARE O-dianisidine is a carcinogen
•  a) The glucose measurements were carried out on the supernatant left after 
, the yeast cells were spun down using a bench centrifuge. An aliquot of the 
supernatant is diluted 1 0 0 0  times with distilled water (using steps of 1 :1 0 , 1 :1 0 , 
1:10 ) and the reagent added. The test-tubes are incubated in a water bath for 
30 minutes at 37°C.
GLUCOSE OXIDASE
GLUCOSE +  2H20  +  O2 +  O -IM A N K ID IN E — >  GLUCURONIC ACID +  0 - D IANR>ID IN E
(colourless) (oxidised brown)
£Jare is taken with the light levels falling on the samples 
as it may affect the colour development.
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The intensity of the brown colour is determined spectrophotometrically at 425- 
475 nm. The absorbance is proportional to the original glucose concentration.
- 3  Absorbance test x  100GLUCOSE me.lQQcm = — ;---- -------------- -— -Absorbance standard
b) Commercially available CLINISTIX™ can be used to obtain a rough 
estimate of the glucose concentration, but the accuracy is very limited and they 
proved to be of little practical use to us.
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2.3.5 Oxygen in exhaust gases (On-line)
rJ 1he carbon dioxide analyser is fitted with a pump and this draws off a sample of the 
exhaust gases which are flowing from the tank to outside the laboratory. The pipes 
are so connected that the sample flows firstly through a long tube ( 1  metre) filled with 
silica gel to dry the gas and then through the oxygen analyser and finally into the carbon 
dioxide analyser. The flow rate of the pump can be adjusted, and a problem came to 
light when it was discovered that the reading obtained from the oxygen analyser 
depends on the flow rate of the sample.
rJ 1he oxygen analyser measures the paramagnetic susceptibility of the gaseous sample.
The paramagnetic susceptibility of gaseous oxygen is significantly greater than of 
most other gases, which tend to be diamagnetic. (The molecules of a paramagnetic gas 
are attracted by a magnetic field, whereas those in a diamagnetic gas are repelled by a 
magnetic field.) Magneto dynamic analysers are based on Faraday’s method of finding 
the magnetic susceptibility of a gaseous sample by measuring the force developed on 
a diamagnetic substance in a strong magnetic field.
J w o  quartz spheres are filled with nitrogen and arranged in the shape of a dumb-bell.
A feedback coil is wound around the dumb-bell. The dumb-bell is positioned 
between specially shaped pole pieces of a permanent magnet which provides the strong 
non-uniform magnetic field, and as the dumb-bell rotates it moves a light-beam which 
is reflected on to a pair of photocells. The difference in output from these cells is fed 
to an amplified whose output is zero when both cells are illuminated equally.
^ y h e n  a sample containing oxygen is fed past the dumb-bell, the oxygen molecules 
are attracted to the strongest part of the magnetic field, thus changing the forces 
acting on the dumb-bell and so moving the light-beam across the photocells. The 
difference signal is amplified to produce a current proportional to the oxygen content 
of the sample. This current is fed into the feedback coil to produce a magnetic field 
which opposes the forces causing the dumb-bell to rotate, thus the dumb-bell stays in
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its original position. Since the feedback current is proportional to the oxygen content 
of the gas sample, it is used to produce the output signals.
rJ 1he current feedback force balance design produces a linear output signal. The 
paramagnetic susceptibility of oxygen varies inversely as the square of the absolute 
temperature and compensation is made within the instrument by a temperature sensi­
tive element in the feedback circuit. The sample gas is brought into thermal equilibrium 
with the instrument by a heat exchanger coil.
rJ 1he instrument in use is a “Servomex OA560” from Sybron and provides ranges of 
0-10%, 0-25%, and 0-100%. The response time of the instrument is given by the 
manufacturers as 11.5 seconds. Note however that the long tube of silica gel through 
which the gases pass does add a considerable delay before the measurement is made.
^ ^ i r  is used as the reference gas (c.f. the reference gas used for the carbon dioxide 
analyser). This instrument produces an analog output which varies between 0 and 
1 V and the output is used to produce the input into the computer via the analog-digital 
interface.
2.3.6 Carbon dioxide in exhaust gases (On-line)
rJ 1he carbon dioxide analyser being used is a type SS100 from Analytical Develop­
ments Co., Herts, with a range of 0-10% by volume. The gaseous sample is drawn 
into the instrument by a pump with an adjustable flow rate, and passed between a hot 
wire source of infrared and an infrared detector.
^*arbon  dioxide in the sample absorbs energy from the source and so reduces the 
amount reaching the detector. An optical filter ensures that there is minimal 
interference from any other IR absorbing gases which may be in the sample. To make 
the measurement, a small motor rotates a shutter which interrupts the radiation from 
the source, and so produces an a.c. signal from the detector. This signal is amplified,
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rectified and fed to a calibrated output meter. An output voltage adjustable from lOmV 
to lVdc is produced and is used to produce an input to the analog-digital interface.
rJ 1he reference gas used was a commercially obtained calibration mixture of 1 0 % 
carbon dioxide in nitrogen.
^ h e  absorption of IR by carbon dioxide is not linear and the signal needs to be 
linearised by a computer. [For further details please see the publication which is 
reproduced later in the Appendix]
2.3.7 pH measurement (On-line)
rJ 1he pH electrode is inserted into the tank via one of the ports on the top plate. A 
temperature compensation probe is inserted into the tank via one of the side inlets 
in the glass wall of the tank. The pH electrode is connected to the reference electrode 
by a KC1 solution bridge. The voltage from the probe and reference electrode is 
amplified and passed into the analog- digital interface of the computer. The pH probe 
is not really steam sterilisable and so it has become practice to sterilise it separately by 
dipping it in 4M hydrochloric acid.
2.3.8 Temperature (On-line)
rJ 1he temperature of the cooling/heating water leaving the tank is monitored by a 
temperature probe. The probe consists of a thermister in a glass tube and is inserted 
into the water reservoir. As it does not come into contact with the medium in the tank, 
there is no need to sterilise it. It has been found that the temperature of the cool­
ing/heating water leaving the tank is reliably 1.50 C above the actual temperature of 
the tank. This is why the temperature readings on the printouts read 26.50 C when the 
desired temperature in the tank is 250 C. The analog signal from the probe is amplified 
and fed into the analog-digital interface of the computer
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2.3.9 Air flow (Off-line)
rJ 1he gas flow into the tank is regulated by a control valve which may be manually 
preset, and the volume of gas flowing may be read from an indicator. A flow rate of 
150 cm .min has been used throughout these experiments. The pump supplying the 
air is itself controlled by the setting of the DOT-probe circuit, i.e. once the dissolved 
oxygen reaches the preset value the pump is turned completely off. The air pump is 
turned on again when the dissolved oxygen level falls. This gives a crude method of 
regulating the dissolved oxygen, (please see section 2.3.10 )
2.3.10 D.O.T. (On-line)
J t  was found during the course of these experiments that the impeller speed had a 
profound effect on the dissolved oxygen concentration.
rJ 1he D.O.T. probe was obtained from “Uniprobe Instruments” and consists of a silver 
cathode and lead anode enclosed in a glass tube. There is an electrolyte between 
the anode and cathode. A membrane is stretched over the open end of the glass tube 
and separates the contents of the tube from the medium. This membrane is permeable 
to oxygen which diffuses through it. The oxygen diffusing through is reduced at the 
cathode
requiring electrons.
02 + 2H20 + 4e~ -  -  > 4(OH~ )
rJ 1he current produced is proportional to that partial pressure of gaseous oxygen with 
which the dissolved oxygen would be in equilibrium.
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2.3.11 Impeller speed (On-line)
signal is obtained from a light source which is interrupted by a chopper rotated by 
the drive shaft to the agitator. This digital signal is conditioned and input to the 
computer. Calibration of impeller speed was obtained by a separate measuring device 
which counted and displayed R.P.M.
2.3.12 Nitrogen flow rate (Off-line)
^Jom pressed nitrogen is supplied from a cylinder through a pressure-reducing valve 
on the cylinder. The fermenter unit is fitted with a control valve and flow-rate 
indicator. Nitrogen is used to purge the tank of oxygen when anaerobic conditions are 
required. The bubbles of nitrogen also provide some agitation so that the conditions 
for anaerobic fermentation are as near as possible to the conditions for aerobic 
fermentation when air bubbles are providing some agitation.
2.3.13 Alkali addition (On-line)
^^lka li (4 molar sodium hydroxide) is pumped into the tank in order to maintain the 
set pH level. In practice the pumping of the alkali takes place at frequent intervals 
during the most active part of the fermentation when quantities of carbon dioxide are 
being evolved.
knowledge of the rate of addition of alkali may be useful in metabolic calculations, 
or perhaps even useful in predicting the cytochrome P-450IA1 levels. In order to 
measure the rate of addition a pressure transducer was used to measure the head of 
alkali in the reservoir. However it has been found that the vibrations from the agitator 
motor cause the readings from the pressure transducer to be unreliable. This problem 
was subsequently overcome by moving the transducer further away and using padding 
to damp out the vibrations.
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2.4 Control System s
2.4.1 pH Control
{Please see also the previous section on Alkali addition on page 51} 
p o d iu m  hydroxide (4M) and Hydrochloric acid (4M) are held in reservoirs and 
pumped into the tank by means of peristaltic pumps which are computer controlled. 
There seems to be however a problem with the computer control which has resulted in 
the destruction of at least one run. The pH can be controlled, apparently, to two places 
of decimals and remain so for hours. However a wild swing of pH down to about 3 then 
up to about 1 1  can suddenly take place after which control is restored and remains 
accurate throughout the rest of the run. It is only by carefully checking through the 
computer printout - there are no alarms available - that the loss of control can be 
spotted.
2.5 Light microscope observations
J t  is interesting to consider how big the branching clumps of Saccharomyces cerevisiae 
cells may become by budding before they are broken up by the agitation. Numerous 
single cells are observed, but large clumps survive the 250 RPM speed of the agitator.} 
A Pasteur pipette was used to withdraw a small sample after 5 hours in the tank. The 
yeast cells were smeared onto a microscope slide.
typical clump of 25 cells were observed to be actively budding and producing 
branching chains. Please see figure V overleaf.
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1 0  jUm
The drawing may appear to be rather primative, but the 
purpose of these sketches was to enable a number of lines 
of research into the sizes reached by the chains, the 
numbers of single cells, and the number of cells budding at 
various stages of the fermentation
Figure - V
Yeast cells forming a chain 
(Saccharomyces cerevisiae)
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2.6 Electron Microscope observations
rJ ,he photograph {please see figure overleaf} [taken by the courtesy of Dr A. Blatiak] 
shows a yeast, Saccharomyces cerevisiae, in the process of budding.
J ^ y  counting the “bud scars” on a cell, the age of the cell can be estimated.
J t  is of interest to speculate whether cytochrome P-450IA1 may be formed more 
readily in younger or in older cells.
54
Chapter 2 -  Description of the Techniques used
Figure - VI
Photograph of budding yeast 
by courtesy of Dr Blatiak
55
Chapter 2  -  Description of the Techniques used
2.7 Downstream Processing
,y y rhen the fermenter run has produced enough cytochrome P-450IA1 to make the 
cost of extracting it worthwhile, the medium is poured off into flasks which are 
cooled in an ice bucket. The first step is disruption followed by centrifugation in the 
presence of PEG 1 which means that the microsomes containing the 
cytochrome P-450IA1 will sediment at a lower speed/time.
2.7.1 Isolation of Cytochrome P-450 from Microsomal fractions
J n  the yeast Saccharomyces cerevisiae the haemoprotein cytochrome P-450IA1 is 
bound to a particulate fraction - the Microsomes. In order to isolate this fraction the 
cell must firstly be broken.
"Y^east cells may be disrupted mechanically or by spheroplasting the cells enzymati­
cally before a mild mechanical treatment or osmotic shock is used to release the 
cell contents.
French Press, a Vibromill or a Dynomill may be used for preparing cell-free 
extracts. Care has to be taken to avoid the denaturation of the cytochrome "P- 
450IA1. This denaturation may occur through shear effects or through localised heat­
ing. The container containing the yeast cell is normally surrounded by an ice-bath.
2.7.1.1 Differential centifugation
rJ 1he mitochondrial fraction is removed by one or two centrifugation steps then the 
microsomes are sedimented by high-speed centifugation often at 100 000 g. Use 
may also be made of PEG so that the same amount of sedimentation is achieved at a 
lower RPM. (SADLER 1983)
[1] PEG is Poly ethene glycol
56
Chapter 2  -  Description of the Techniques used
Jj^urther purification can be achieved by density-gradient centrifugation. CaCh ag­
gregation is said by Kappeli to give a better result, ie spectrically cleaner, than 
centrifugation in terms of no mitochondrial markers (Cytochrome oxidase) and low 
catalase activity (a cytoplasmic marker). (KAPPELI 1986)
2.7.1.2 Further purification of cytochrom e P-450
J f ’rom the microsomal fraction the cytochrome P-450 is solubilised by detergents. A 
tendency to denature to cytochrome P-420 when detergents are used may be 
overcome by using glycerol as a stabilising agent in the presence of sodium deoxycho- 
late or sodium cholate. as solubising agents to release the protein from the membrane.
Jpurther purification is obtained by ammonium sulphate fractionation and liquid
chromatography using N-amino-octyl-sepharose 4B. A typical result is a yield with
•  _  1 a specific cytochrome P-40IAI1 content of 16 nmol.(mg of protein)
^ ^ a re  has to be taken that the detergent used does not interfer with the subsequent 
spectral determination.
2.7.2 Quantity of Cytochrome P-450IA1 produced
sing a 5 litre fermenter which produces say 50 g wet weight of yeast per litre with 
say 10 nanomole of cytochrome P-450IA1 per g wet weight gives a total of 
2.5 micromoles per run (inside the yeast). Taking the molar mass of 
cytochrome P-450IA1 as 55 000 daltons gives 137.5 mg of cytochrome P-450IA1 (inside 
the yeast). After extraction say 30 mg of cytochrome P-450IA1 would be recovered. The 
yield of highly purified cytochrome P-450IA1 may be as little as 1.5 mg per run.
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2.8 Health and Safety aspects
Biological Hazards.
^ ^ 1 1  glassware in the laboratory has to be accounted for and none may be removed to 
other laboratories. “Biohazard” warning notices are displayed on entry doors. The
usual laboratory regulations against eating and drinking are observed.
1 ~ ^aboratory coats are worn in the working areas and the presence of outside over­
clothing in the laboratory is discouraged.
rJ ,he room in which the fermentation unit is located is constructed so as to contain 
any spillages of liquids.
An incinerator is available in the laboratory to dispose of biological material should 
the need ever arise.
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Chemical Hazards.
•  a) The assay for Cytochrome P-450IA1 involves the use of carbon monoxide 
gas, this will produce, if inhaled, carboxyhaemoglobin in the blood stream 
which is potentially fatal. A fume cupboard is in use, which constantly with­
draws air from the laboratory.
•  b) If the nitrogen used for purging the tank were accidentally released in large 
volumes it could possibly displace the air from the room - causing asphyxiation.
•  c) as above - Helium gas is used as a carrier gas in the Chromatography 
apparatus.
•  d) The assay for glucose involves the use of O-dianisidine which is a known 
carcinogen.
•  e) Antibiotics in powder form are in use in the laboratory.
•  f) Concentrated acids are stored in a safe container and poured in a ventilated 
area.
•  g) Poisons are stored in a locked cupboard.
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Physical Hazards.
•  a) Present in the laboratory are cylinders of compressed gases - carbon mono­
xide and nitrogen. Care is taken in fitting the valves and gauges. Cylinders are 
not moved with the gauges fitted.
•  b) The sterilisation unit works with superheated steam at 15 psi. It is subject 
to regular inspection for rust or other damage. In the event of the pressure 
exceeding the maximum there is an escape valve which blows. This could occur 
if the sterilisation unit were left unattended on a high heat setting.
•  c) Fire hazard. Absolute ethanol is stored in a flamecupboard. Care is exer­
cised in its use as naked bunsen flames (used for sterilisation of wire loops) 
are sometimes in use in the laboratory.
•  d) Electrical apparatus is regularly inspected.
Night working.
J^ead ings are required hourly or half-hourly and during the night an escort is 
required for laboratory work. The timing of the whole fermentation process - which 
lasts a few days - can be carefully worked out so that as many readings as possible occur 
during the daytime. Apparatus which is left working overnight required a departmental 
pass.
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2.9 Photographs of apparatus
2.9.1 The fermentation unit
{ PHOTOGRAPH OVERLEAF -  Please see figure VII
rJ 1he photograph show the tank in place in the fermentation unit with all the probes 
connected.
•  Oxygen analyser.
•  Carbon dioxide analyser
•  Peristaltic pumps for acid and alkali.
•  The computer
•  computer printer,
•  computer disc storage unit
•  computer interface unit.
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Figure VII
The fermentation apparatus
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2.9.2 The fermenter tank
{PHOTOGRAPH OVERLEAF -  Please see figure VIII}
rJ 1he photograph shows a close-up of the tank, in which can be seen the D.O.T. and 
pH probes together with the agitator.
Jjj^ntering the tank are the tubes carrying
•  cooling/heating water and
•  the air/nitrogen inlet tube.
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Figure VIII
The 5 Litre fermenter tank
64

Chapter 2 - Description of the Techniques used
2.9.3 The top of the fermenter tank
{PHOTOGRAPH OVERLEAF -  Please see figure IX} 
rJ 1he photograph shows the top of the tank with,
"pantry ports for
•  cooling/heating water
•  filtered air/nitrogen
•  pH probe
•  D.O.T. probe
•  inlet for filling the tank 
J ^ u t le t  ports for
•  exhaust gases
•  taking samples.
J n  the centre is the bearing which supports the agitator, this bearing 
The temperature probe is not in the tank itself but is in the reservoir 
ing water.
correction is made to allow for temperature differences between the water and the 
tank contents.
J n  Summer the whole tank is surrounded by a water jacket into which is pumped 
chilled water.
is water cooled, 
of cooling/heat-
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Figure IX
The top of the fermenter tank
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2.9.4 The shaking incubator and bench centrifuge
{PHOTOGRAPH OVERLEAF -  Please see figure X.}
rJ 1he photograph shows the shaking water bath containing two shake flasks. The shake 
flasks are stoppered with polyurethane foam plugs.
rJ 1he bench centrifuge in the background is used for spinning down the yeast cells in 
the samples taken from the tank.
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Figure X
The shaking water bath
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2.9.5 Photograph of the Gas Chromatography apparatus
Please see figure XI overleaf
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2 .1 0  Sample of chart recorder output of P-450IA1 assay
{CHART OVERLEAF Please see figure XII}
rJ 1he chart shows the curve obtained during the cytochrome P-450IA1 assay. The 
paper is rewound so that the line produced in the second scan - after passing the 
carbon monoxide is drawn over the line obtained in the first scan - before the carbon 
monoxide.
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Figure XII
Chart sample
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2 .1 1  Sample of printer output
{PRINTOUT SAMPLE OVERLEAF -  Please see figure XIII}
FJ ,his printout is produced during the run at intervals determined by the setting of the 
“print interval” e.g. 10 minutes or 1 minute.
ote however that the figure printed is the latest reading obtained just before the 
print command is executed. It is sometimes the case that this figure is wild and does 
not represent an average reading over the print interval.
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Figure XIII
Printout sample
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E l e c t r o l u x  F e r m e n t a t i o n  C o n t r o l
DATE 3 7 / "T
CYCLE ID « DORR 7 / 8 6
PR I NT IMTE RVAL i  i MIN
PI- RPM DO TE MR 2D0 2 C02
SP 5 n 04 2 5 0 0 26 .. 4 0 0
P 30 0 1 0 0
I .  15 3 0 .  1b 0 0
10 0 0 0 0 0 0
FORCE 0 0 0 0 0 n
L IM IT C ) 0 0 0 0 o
LAI­ A 15 .  166 . 0 21 >. 0 16 0 18 0
CAL B 1 . 12 2 6 .  9 14 .  1 1 1 O 6 0
PH RPM DO TEMP 2D0 2 C02
0 0 ; 05 4,. 98 2 4 4 1 . 14 26 .. 1 2 0 . 8 0
0 0 ; 05 AL KAI ..I READING IS 7 > L i 0 c * f
0 0 ; 05 ACID READING IS *
0 0 ; 06 5 2 56 1 . 19 2! 6 2 0 . 8 0
0 0 ; 07 5 . 01 2 5 6 1 . 16 26 . 1 2 0 . 8 0
0 0 ; 08 5 . 01 2 56 1 . 18 26 «  1 2 0 . 7 0
0 0 ; 09 5 , 01 2 5 5 1 . * 7 26 .  1 2 0 . 6 0
0 0 ; 10 5 . 02 24 1 1. 15 26 2 0 . 5 0
0 0 ; 11 5 . 02 241 1. 17 * 7 2 0 . 5 0
0 0 ; 12 3.. 04 2 6 3 1 17 26 . 4 2 0 . 4 0
0 0 ; 13 5 . 0 4 '-1 p 1. 21 26 * 7 2 0 . 4 o
0 0 ; 14 5 . 04 2 3 9 1. 19 •*' 6 o 2 0 . 4 0
0 0 ; 15 5 . 04 O rcr•Lm \J / 1. 19 26 » 3 2 0 . 4 0
0 0 ; 16 cr U  u 04 2 5 7 1. 19 26 N %!> V m 3 0
0 0 ; 17 5 «04 241 1. 18 26 3 2 0 . o 0
0 0 ; 18 5 - 04 2 42 1. 15 26 . 4 2 0 . i 0
0 0 ; 19 5 „04 2 5 6 1. 19 26 .. 4 20 0
0 0 ; 20 5 . 04 2 5 6 1.. '7 '7 26 . 3 20 0
0 0 ; 21 5 , 04 2 5 6 1 . 24 26 « O 20 0
00 ; r y  J U  j L. 5 . 04 2 4 9 1. 26 * 7 20 0
0 0 ; 5 . 04 241 1 . 29 26 20 0
0 0 ; 24 3 . 04 241 1 . 25 26 . i 2 0 . i 0
0 0 ; 25 5.. 04 2 5 3 1. 26 » 3 2 0 . i 0
00 ; 26 KT wJ N05 2 5 3 1 .. 25 26 .  6 2 0 . i 0
0 0 ; ~ j 5  » 04 2 5 3 1 . /■•l y 26 »♦ ..!*• 2 0 . i 0
0 0 ; 28 b « 04 2 53 1 . 28 2! 6 M O 2 0 » i 0
00  ; 2 ° 5,. 04 i r j  ~ r 1 - CT.iC u J 26 / \ . 2 0 . i 0
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Chapter 3 - The Biology of Saccharomyces cerevisiae
3.1 The Biology of Saccharomyces cerevisiae
rJ 1his chapter is included as an understanding of the biology of yeast is required in 
order that yeast may be successfully used in the production of large quantities of 
cytochrome P-450IA1.
3.2 Cell Morphology
rJ ,he cells of the yeast Saccharomyces cerevisiae are ellipsoidal in shape and range 
from 2-10  micrometres in width and 5-21  micrometres in length. Little detail can 
be seen in the unstained cell under the light microscope, {please see page 52 }.
'^ J ’nder the Electron Microscope {please see page 54 } however can be recognised :-
•  the nucleus
•  mitochondria
•  endoplasmic reticulum
•  vacuoles
•  plasmalemma and
•  granuoles
J n  a yeast culture which is actively growing, buds are much in evidence. The bud 
increases in size until it is about the same size as the mother cell before the daughter 
separates.
^ J e l l  separation sometimes occurs soon after cell division, but often is delayed so that 
further division takes place before separation. This leads to branching clusters of 
the cells being formed. The site of bud formation is marked on the mother cell by the 
presence of a bud scar, and on the daughter cell by the presence of a birth scar. In 
Saccharomyces cerevisiae the buds are formed in different places on the mother cell so
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by counting the number of bud scars the age of a particular cell can be estimated. If 
the clusters of cells grow to a sufficient size they may settle to the bottom of the 
fermentation tank.
{Please see page 87 in the experimental results chapter for details of the research work 
on flocculation. }
3 .2 .1  The cell wall
rJ 1he major components of the cell wall in Saccharomyces cerevisiae are
•  glucan and
•  mannan 
together with
•  chitin
•  lipids and
•  protein.
JM sted above are the major components of the cell wall in Sacchaomyces cerevisiae, 
of particular interest to research into cytochrome P-450IA1 is one particular major 
component — Ergosterol. {Please see page 99 in the chapter on the Biochemistry of 
cytochrome P-450.}
^ J lu c a n  is a complex branched polymer of glucose and is found in the innermost layer 
of the wall.
j^ J a n n a n  which is a polymer of mannose is found in the outer layer of the wall. The 
chitin which is a polymer of N-acetyl glucosamine is found in a ring around the 
bud scars.
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<^|ome of the protein in the cell wall is in the form of enzymes such as
•  glucanase
•  mannanase
•  invertase
•  alkaline phosphatase and
•  lipase.
3.2.2 The Plasmalemma
rJ 1his is a three-layered structure found near the inner surface of the cell wall and is 
composed of about equal amounts of lipids and proteins. One of the lipids present 
— ergosterol is of particular interest.
rJ 1he plasmalemma is believed to be involved in the control of cell wall biosynthesis.
Saccharomyces cerevisiae cannot synthesise certain sterols and fatty acids when it 
is grown in strictly anaerobic conditions, so these materials must be supplied in the 
medium.
3.2.3 The Nucleus
fJ ,he nucleus is usually situated between the vacuole and the bud. The nuclear 
membrane remains intact throughout the cell cycle and is a double membrane 
perforated by pores. Individual chromosomes are very small and not recognisable as 
discrete structures.
plaque exists near the nuclear membrane and from this plaque extend microtubules 
into the cytoplasm.
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3.2.4 The Mitochondria
j y j o s t  of the enzymes of the tricarboxylic acid cycle are associated with the matrix 
of the mitochondrion. The enzymes involved in the electron transport chain and 
oxidative phosphorylation are to be found associated with the cristae and the inner 
membrane of the mitochondrion.
'Y 'east cells grown anaerobically in the absence of lipids have very simple mitochon­
dria with a double outer membrane, but without cristae.
rJ ,he addition of ergosterol to the medium results in the formation of cristae.
rJ 1he development of mitochondria is influenced by the concentrations in the medium 
of
•  a) oxygen
•  b) lipids
•  c) glucose.
3.2.5 The Endoplasmic Reticulum
rJ 1he endoplasmic reticulum in yeast is continuous with the outer membrane of the 
mitochondria and the plasmalemma, and has ribosomes associated with it. There is 
continuity between the endoplasmic reticulum, the outer membrane of the mitochon­
drion, and the plasmalemma.
rJ 1he endoplasmic reticulum is also involved in the formation of cell vesicles.
3.2.6 The Cell Vacuole
^ f h e n  the yeast cell is mature, it contains a large vacuole. When bud formation is 
initiated, the large vacuole divides into smaller vacuoles which become distributed 
between the mother cell and the daughter bud.
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~|~ ^ater in the cell cycle the small vacuoles rejoin to form a single vacuole in the mother 
cell, and another single vacuole in the daughter cell. The vacuole is thought to 
contain hydrolytic enzymes, and may possibly act as a storage area for nutrients.
3.2.7 Nutritional requirements
3.2.8 Carbon source
J n  general all strains classified as Saccharomyces cerevisiae can grow aerobically on 
media which contains
•  glucose,
•  sucrose
•  maltose
•  and trehalose; 
but fail to grow on
•  lactose
•  and cellobiose.
^ Jro w th  on other sugars is variable and depends on whether the yeast is growing 
aerobically or anaerobically, eg. some strains which were previously classified as 
Saccharomyces carlsbergenis or as Saccharomyce uvarum can grow on raffinose.
(^j trains which were previously classified as Saccharomyces diastaticus or as 
Saccharomyces chevalieri can grow on starch.
j^om e Saccharomyces cerevisiae strains cannot grow anaerobically on sucrose or on 
trehalose.
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3.2.9 Nitrogen source
^^11 Saccharomyces cerevisiae strains can utilise ammonia or urea as sole nitrogen 
source, but cannot utilise nitrate as they lack the ability to reduce it to ammonium 
ions. (The concentration of urea must however be relatively low otherwise toxic effects 
occur.)
^ h e s e  strains can also utilise as a source of nitrogen
•  most amino acids
•  small peptides and
•  nucleic acid bases 
ome amino acids such as
•  histidine
•  glycine and
•  lysine
are not readily utilised.
J^xtracellular protein cannot be digested as Saccharomyces cerevisiae does not 
secrete proteases.
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3.2.10 Growth factors
The requirements of Saccharomyces cerevisiae for growth factors such as
•  niacin
•  pantothenate
•  folic acid
•  biotin
•  thiamin
•  para-aminobenzoic acid and
•  pyridoxine
— are not fully established.
J t  is possibly the case that different strains have different requirements for growth 
factors, and also the requirement for these growth factors is modified by growth 
conditions.
3.2.11 Minerals
^T east requires
•  phosphorus — as the dihydrogen phosphate ion,
•  and sulphur which can be either as sulphate,
— or as sulphur containing organics such as cystine and methionine.
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rJ 1he requirement of yeast for metals is
•  Potassium
— which can be partly replaced by other alkali metals,
— — or even by ammonium.
The other metals required include
•  magnesium
•  calcium
•  zinc
•  copper and
•  iron.
3.2.12 Storage carbohydrates
"Y ’east cells produce two storage carbohydrates, glycogen and trehalose, which 
together can count for up to 20% of the dry weight of the cell.
^M ycogen is mostly produced during anaerobic growth, while trehalose is produced 
during aerobic growth.
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33 The metabolism of Saccharomyces cerevisiae
33.1 Catabollte repression, the Crabtree effect
lo u r in g  the fermentation process in a medium with a high concentration of sugar as 
the carbon source and which is aerated, the sugars are metabolised to carbon 
dioxide and ethanol as if it were an anaerobic process. This continues until the 
concentration of sugars reaches a low level. The high levels of the sugars have repressed 
the ability of the cell to carry out aerobic respiration, even though oxygen is present. 
It is the rate of assimilation rather than the concentration in the medium which causes 
the effect.
^^atabolite repression does not occur if Saccharomyces cerevisiae is grown on less 
readily metabolisable sugars such as galactose. In anaerobic conditions, the ethanol 
which has been produced accumulates, and eventually becomes toxic to the yeast.
J Jo w ev e r, in aerobic conditions, after the sugars have been used up, the ethanol is 
further metabolised to carbon dioxide and water. When yeast is grown anaerobi­
cally or in catabolite repressed conditions, the TCA cycle, the glycoxylate cycle and 
mitochondrial development are suppressed. Several mitochondrial enzymes are re­
duced in quantity, including the cytochromes and some of the TCA cycle enzymes.
3.3.2 Gluconeogenesis
^ y ^ h e n  all the glucose has been fermented to ethanol, the catabolite repression 
(Crabtree effect) of aerobic respiration is removed so growth can continue by the 
aerobic metabolism of the ethanol produced during the anaerobic respiration. During 
these conditions, all the carbon is provided by ethanol and the formation of the hexose 
sugars required for cell wall biosynthesis and other cell functions is achieved by a 
partial reversal of the EMP pathway.
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3 .3 .3  The Pasteur effect
J la s te u r  noted that a much higher yield of cells is obtained from a given quantity of 
sugar during aerobic growth than during anaerobic growth. When yeast is grown in 
anaerobic conditions, glucose is metabolised to pyruvate, mostly via the EMP pathway. 
However, the pyruvate produced cannot be metabolised by the TCA cycle, and the 
NADH2 generated during glycolysis cannot be oxidised via the cytochrome system.
J n  these conditions, the pyruvate is decarboxylated by a different enzyme to produce 
ethanal which is reduced to ethanol by the NADH2 generated in glycolysis. In this 
way NAD is regenerated and can be re-utilised to permit the continuation of glycolysis. 
NAD can however be regenerated by other reactions such as the formation of glycerol 
from dihydroxyacetone phosphate. During the anaerobic fermentation of glucose to 
ethanol, only four molecules of ATP are generated.
J^ince the amount of ATP required for biosynthesis of cellular material is the same 
whether the cells are growing anaerobically or aerobically, thus more glucose needs 
to be metabolised for each new cell, if the cells are growing anaerobically.
3 .3 .4  Metabolic control in yeast
'Y ’easts of the genus Saccharomyces are faculative anaerobes and their metabolism is 
modified depending on the culture conditions. The yeast may be growing aerobi­
cally, semi-aerobically, or anaerobically and the rate of as- similation of glucose from 
the medium may lead to catabolite repression. These different states of growth pro­
duces different activities in the EMP pathway, the TCA cycle, the pentose phosphate 
pathway, and the glyoxylate cycle. The control mechanisms involved are thus complex.
j y j o s t  of the steps in the glycolytic pathway involve readily reversible enzymic 
reactions, however, three steps, those catalysed by hexokinase, phosphofructoki- 
nase, and pyruvate kinase are not readily reversible. These appear to play a critical role 
in the control of glycolysis.
85
Chapter 3 - The Biology of Saccharomyces cerevisiae
*|^uring gluconeogenesis, which is the reversal of glycolysis, these steps are catalysed 
by different enzymes, or are by-passed by a different sequence of enzymes.
rJ 1he rate of glycolysis can be regulated by the availability in the cell of cofactors such 
as NAD or ADP. GTP is also believed to be important in the regulation system.
3.3.4.1 Alcohol dehydrogenase
rJ 1here are three alcohol dehydrogenase enzymes ADH I, ADH II, and ADH III.
ADH I is concerned with ethanol production during anaerobic conditions and is 
not subject to catabolite repression. ADH II and ADH III are both concerned with the 
oxidative metabolism of ethanol and are not produced when glucose is present in the 
medium. ADH III is a mitochondrial enzyme while ADH I and ADH II occur in the 
cytosol.
3 .4  Cyclic AMP
rJ 1he level of cyclic AMP is depressed in catabolite repressed cells. {Please see the 
secion on page 106 in the chapter on the Biochemistry of Cytochrome P-450 for 
further details of the importance of cyclic AMP. }
3 .5  Growth curves
J n  aerobic batch cultures, growth stops after the carbon source, such as glucose, is 
used up, and then resumes after a short lag phase. During this lag phase, the yeast is 
synthesising the enzymes necessary for the aerobic metabolism of ethanol. 
Saccharomyces cerevisiae can grow at a very rapid rate with doubling times in the order 
of 1.6 hours. However in anaerobic conditions the yield of cells is very low. {Please see 
the section on page 190 in the chapteron experimental results.}
^ ^ t  high growth rates the yeast cell switches to anaerobic metabolism, even when the 
glucose concentration is low, and this is associated with a loss of biomass yield.
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3 .6  Genetic Engineering of yeast
J  would mention that much work is being carried out by my colleagues at the University 
of Surrey into the production of cytochrome P-450 by yeast which have been supplied 
to us containing a plasmid designed to enhance the quantity of the cytochrome pro­
duced. This special strain requires very carefully managed culture conditions if it is to 
retain its plasmid over a number of generations.
3 .7  Flocculation of yeast
rJ 1he tendency of yeast to flocculate under certain conditions and some observations 
on the cytochrome P-450IA1 content are reported on page 87 in the chapter on 
experimental results.
“Flocculation and The Brewing Industry - A Target for Genetic Engineering” If the 
tendency of yeast to flocculate could be altered genetically, this would be of consider­
able interest to the brewing industry who already use different strains with different 
tendencies to flocculate, but who would benefit from the ability to alter the flocculation 
properties of some particular strain. (TUBB 1987)
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Chapter 4  -  Cytochrome P-450 Biochemistry
rJ 1he term cytochrome P-450 (RH,REDUCED-FLAVOPROTEIN:OXYGEN OXI- 
DOREDUCTASE (RH - HYDROYLATING) EC 1.14.14.1) refers to a group of 
monooxygenase enzymes, which catalyse the monooyxgenation of many xenobiotics 
including drugs, carcinogens and pesticides (WISEMAN 1979), (KING 1984).
4.1 The occurrence of Cytochrome P-450 in nature
4 .1 .1 Distribution in nature
^ ^ f te r  the first detection of cytochrome P-450 enzymes in liver microsomes {please 
see page 92} it was initially thought that they were present in hepatic tissue only 
(SATO 1978), but Cytochrome P-450 was subsequently discovered in the mitochondria 
of adrenal glands (HARDING 1964) and was found to be involved in steroid synthesis 
in many tissues (SATO 1978).
^Jytochrom e P-450 monooxygenases are now known to be widely distributed throug­
hout nature and have been shown to occur in all animal phyla. Since their occur­
rence in Saccharomyces cerevisiae was originally discovered by Lindenmayer and Smith 
(LINDENMAYER 1964), then in Rhizobium japonicum (APPLEY 1967) and sub­
sequently in may other microbial species, cytochrome P-450 enzymes are now known 
to occur in many micro-organisms, both eukaryotic and prokaryotic. Muller and others 
in 1984 listed 41 microbial cytochrome P-450 systems (MULLER 1984).
4 .1 .2  Location within the mammalian cell
J n  mammals cytochrome P-450 enzymes occur mostly in the cells of the liver, but have 
also been found in many other tissues.
'y ^ i th in  a mammalian cell, most of the cytochrome P-450 is held in the smooth 
endoplasmic reticulum. During isolation this endoplasmic reticulum will form 
small vesicles called microsomes and the cytochrome P-450 is found to be associated 
with these microsomes.
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^^ytochrome P-450 does however also occur in mammalian mitochondria, especially 
in the adrenal cortex and in the liver. These cytochrome P-450 enzymes are 
membrane-bound and show differences to the cytochrome P-450 enzymes of the 
endoplasm ic reticulum . Similarities may however be drawn between these 
mitochondrial cytochrome P-450 enzymes and the soluble cytochrome P-450 enzymes 
found in bacteria.
resnick reported that cytochrome P-450 enzymes which are found in the nuclear 
envelope of mammalian cells are concerned with the metabolism of carcinogens 
(BRESNICK 1978). Stasiecki reported the occurrence of cytochrome P-450 enzymes 
in the cell membrane (STASIECKI 1980).
4 .1 .3  Location in plant cells
J n  higher plants such as the avocado the cytochrome P-450 has been found in the 
microsomal fraction.
J^ac teria l cytochrome P-450 appears to be found in the soluble cytoplasm in contrast 
to the situation in eukaryotic microorganisms such as yeasts and filamentous fungi 
where the cytochrome P-450 is found in the microsomal fraction.
4 .2  Characteristics of Cytochrome P-450
^^ytochrome P-450 is the haemoprotein part of a mixed-function oxygenase system 
which occurs widely throughout nature. (TRINN1982). The structure and function 
of this oxygenase system has been the subject of studies by Gunsalus (GUN- 
SALUS 1975), Ishimura (ISHIMURA 1978) and Smith & Davies (SMITH 1980).
The oxygenase system is involved in different dealkylation and hydroxylation reac­
tions in the metabolism of some steroids, drugs, fatty acids and carcinogens.
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^^ytochrome P-450 is apparently a cytochrome of the b type, and is considered to be 
a group of cytochromes with different specificities. The molecule contains the 
protoporphyrin IX group.
4 .2 .1  Multiple forms of Cytochrome P-450
^^ytochrome P-450 enzymes have an interesting biochemical feature in their wide 
substrate specificity. King has shown that when yeast is grown in the presence of 
benzo(a)pyrene there is only a small change in the level of cytochrome P-450, but there 
is a large increase in the activity of benzo(a)pyrene hydroxylase.
rJ ,his would imply that a new form of cytochrome P-450 has been induced by the 
benzo(a)pyrene (KING 1985).
4.2.2 Molar Mass of Cytochrome P-450IA1
"^y^hen yeast cytochrome P-450IA1 is purified to homogeneity it is found by determi­
nation using dodecyl sulphate gel electrophoresis to have a molar mass of 55 500. 
The purified enzyme has a carbon monoxide spectral peak at 448 nm and can give both 
type I and type II spectra.
4 .2 .3  Stability of Cytochrome P-450
jy jic ro so m al cytochrome P-450 is more stable against heat denaturation than is the 
solubilised or the purified enzyme. Triton X-100 has been shown by King to 
protect cytochrome P-450 from thermal denaturation (KING 1985). Please see also the 
section on the isolation of cytochrome P-450IA1 on page 56 in chapter 2.
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4.3 The discovery of Cytochrome P-450
rJ 1here were two lines of enquiry which lead to the discovery of cytochrome P-450 
these were -
•  drug metabolism, and
•  the binding of carbon monoxide.
Drug metabolism
rJ 1he importance of oxidation reactions in the elimination of drugs in humans was 
recognised in the late 1940s, but it was not until 1963 that the enzymic nature was 
established by Creaven and Williams who showed that the oxidation of biphenyl and 
coumarin could be catalysed by subcellular fractions from the human liver 
(CREAVEN 1963).
J n  1966 Kuntzman wrote further on the oxidising system in the human liver for dealing 
with drugs. (KUNTZMAN 1966). A requirement for NADPH was demonstrated, 
and the system was shown to reside in the microsomal fraction.
J n  1967 Coccia and Westerfield studied the different routes of oxidation of chloro- 
promazine as a substrate in fractions of the human liver. (COCCIA 1967).
Carbon monoxide binding studies
J n  1957 The oxidative demethylation of 3-methylaminobenzene was found to be 
inhibited by carbon monoxide by Conney (CONNEY 1957) which suggested that a 
haemoprotein was involved.
J n  1958 The first workers to report the presence of a carbon monoxide binding 
pigment (haemoprotein) in rat liver microsomal fractions were Klingenberg and 
Garfinkel working in- dependently (GARFINKEL 1958), (KLINGENBERG 1958).
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rJ 1his enzyme was later given the name cytochrome P-450 by Omura and Sato because 
it was found that after reduction and passing of carbon monoxide a Soret peak 
appeared at 450 nm. (OMURA 1964). Carbon monoxide was found to inhibit mono­
oxygenase reactions by binding to the haem group of cytochrome P-450 and hence 
inhibiting its binding to oxygen.
J n  1964 In 1964 Omura and Sato published a spectrophotometric method for its 
determination. This method is still widely used, and has been used throughout these 
experiments (OMURA 1964).
J n  1965 The work by Cooper showed that several microsomal monooxygenase 
reactions were inhibited by carbon monoxide and the inhibition could be lessened 
by light at 450 nm. This was taken as evidence for the direct involvement of 
cytochrome P-450 (COOPER 1965).
j y o w  that purified cytochrome P-450 is available it can be used to reactivate an 
monooxygenase system which has been inactivated by carbon monoxide.
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4.4
4.4.1
4.4.1.1
Production of P-450IA1 (in Yeast)
The influence of glucose levels on P-450IA1 production
The yeast Saccharomyces cerevisiae.
rJVie yeast Saccharomyces cerevisiae produces cytochrome P-450IA1 when grown 
under fermentative conditions, such as when grown at a high glucose concentration. 
The initial concentration of glucose in the tank medium was 14% throughout these 
experiments. However many of the shake flask experiments were carried out using 20% 
glucose.
J t  is found that Saccharomyces cerevisiae will produce cytochrome P-450IA1 when it 
is grown at high glucose (14 - 20 %) but when grown at low glucose concentrations 
only small amounts can be detected.
J f ’or batch cultures Wiseman and King (WISEMAN 1982) found that the conditions 
required are
•  1) High concentration of glucose (4 to 20 %) in the medium.
•  2) Anaerobic growth conditions.
•  3) Addition of inhibitors of mitochondrial protein biosynthesis to the medium. 
These inhibitors included Erthyromycin and Chloramphenicol.
•  4) Use of Respiratory-Deficient Mutants.
J t  is also likely that the concentration of cyclic adenosine-5’monophosphate will be 
low. (WISEMAN 1980), (WISEMAN 1978).
J^everal groups have also noticed an inverse relationship between mitochondrial 
cytochrome content (especially cytochrome a) and the concentration of 
cytochrome P-540.
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4 .4 .2  The influence of D.O.T. on P-450IA1 production.
4.4.2.1 The yeast Saccharomyces cerevisiae.
'Y ’easts of the genus Saccharomyces are facultative anaerobes and their metabolism 
can be varied by changing the concentration of oxygen and the carbon source.
{Please see the research results which are on page 133 in the experimental results 
chapter.}
J ^ a p p e li  has described the various types of glucose catabolism which are shown in 
table D below (K A PPE L I 1986)
Types of Glucose
Catabolism
Respirofermentative
Fermentative
Respirative
and the assimilation of ethanol.
Table -D
Type of Glucose catabolism
rJ 1he maximum P-450IA1 is produced during fermentative metabolism when there is
• 1 1 a HIGH Specific Ethanol Production Rate (measured in mmol.g .h ) and a
LOW Specific Oxygen Uptake Rate.
J ^ i n g  found that the removal of oxygen during the exponential growth phase of 
Saccharomyces cerevisiae led to a regression of cytochrome P-450IA1 synthesis 
(KING 1985). Lim and Wiseman (unpublished) found that when 
Saccharomycs cerevisiae is grown under steady-state continuous culture the
95
Chapter 4 - Cytochrome P-450 Biochemistry
production of P-450IA1 is optimal at a dissolved oxygen concentration between 16 and 
30% of saturation in a medium containing 20% glucose.
^^oyam a has shown that when Saccharomyces cerevisiae is grown aerobically in only 
1% glucose a very low level of cytochrome P-450IA1 is produced. This low level is 
not detectable spectrophotometrically, but can be detected by its ability to catalyse the 
14a-demethylation of lanosterol and is also subject to inhibition by antibodies to 
purified yeast cytochrome from yeast grown under higher glucose levels 
(AOYAMA 1981).
Jsh idate  worked on Saccharomyces cerevisiae and showed that the occurrence of 
cytochrome P-450IA1 in this yeast is associated with semi-anaerobic conditions. 
(ISHIDATE 1969,1969b)
J^ la tiak  suggests that the optimum dissolved oxygen concentration (in shake flasks) 
is 0.25 — 0.5 micromolar. (BLATIAK1985). This maybe compared with pure water 
at 25°C and at 1 atmosphere (101 325 N.M ) pressure which when saturated with 
oxygen will contain 250 micromolar dissolved oxygen ( = 8  mg.dm ). Although dis­
solved ions such as chloride ions will decrease the level at which the solution is 
saturated, as will the use of 14% glucose solution. It is often the case in fermentation 
systems that the rate limiting step is the rate at which oxygen can be made available to 
the micro-organism. The haem part of P-450 molecule is synthesised under both 
fermentative and respirative conditions (LABBE-BOIS & VOLLAND 1977), it is 
likely therefore that it is the protein component which is the subject of regulation.
rJ 1rinn who was working with yeast in continuous culture has shown that without 
glucose repression it is not possible to achieve cytochrome P-450 production by 
oxygen limitation (TRINN 1981). Oxygen may act as a substrate inducer of 
cytochrome P-450IA1 in Saccharomyces cerevisiae (BLATIAK et al 1985). Other 
workers have reported that higher levels of P-450IA1 were achieved in yeast grown
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semianaerobically in 4% (w/v) D-glucose (ISHIDATE 1969), or in 6% (w/v) D-glucose 
(YOSHIDA1974) and later in 3% D-glucose media (YOSHIDA 1984).
J Jo g e rs  and Stewart reported that when the yeast is grown in 4% D-galactose there
 3
is an optimum dissolved oxygen concentration of 0.25 - 0.5 micromol.dm 
(ROGERS & STEWART 1973).
rJ ,rinn found that in a continuous culture using 3% D-glucose the production of 
P-450IA1 was greatest at a low aeration rate (TRINN1982). There are indications 
therefore in the literature that the optimal value of dissolved oxygen is about 0.25 - 
0.5 micromol.dm . However many workers simply refer to semi-anaerobic conditions 
without a precise definition, in any event the accuracy of such measurements may be 
in doubt as it is at the limits of commercially available steam-sterilisable dissolved- 
oxygen probes.
4 .4 .3  Inducers of Cytochrome P-450
J^aren lam pi has investigated the effect of different carbon sources on the production 
of cytochrome P-450 (KARENLAMPI1981). He considered that the synthesis of 
P-450 is induced by a common catabolite of the various carbon sources (eg Glucose or 
fructose) or else by an effector molecule generated by this catabolite.
Jnduction of cytochrome P-450 can also be achieved by the use of inhibitors of 
mitochondrial protein biosynthesis such as Erythromycin or Chloramphenicol. 
(WISEMAN 1982).
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4.4.4 Hydrocarbon-degrading yeasts.
J n  yeasts which degrade alkanes and which have been found to contain 
cytochrome P-450, the hydroxylation of the n-alkane is catalysed by a 
cytochrome P-450 monooxygenase which is induced by the substrate.
j^ u ch  yeasts include those shown in table E below :-
Some Hydrocarbon degrading yeasts
Yeast Species Reference
Candida guilliermondii (KAPPELI1986)
Candida guilliermondii (MAUERSBERGER 1980)
Candida maltosa (TAKAGI 1980a)
Candida pulcherima (TAKAGI 1980b)
Candida tropicalis 101 (GALLO 1971)
Candida tropicalis ATCC 32167 (GMUNDER 1981)
Candida tropicalis LM7 (LEBEAULT 1971)
Endomycopsis lipolytica (DELAISSE 1984)
Lodderomyces elongisporus (KAPPELI 1986)
Torulopsis sp (HEINZ 1970)
Torulopsis Candida (KAPPELI 1986)
Table - E
Hydrocarbon degrading yeasts
rJ ' ,he cytochrome P-450-dependent monooxygenase system would seem to be the 
hydroxylation system responsible for the utilisation of hydrocarbons. Gmiinder 
found that in a continuous culture which was feed-controlled the cytochrome P-450 
content bears a linear relationship to the substrate uptake rate. (GMUNDER 1981)
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rJ*akagi and others found that glucose acts as a repressor of the system 
(TAKAGI 1980) while Gmiinder found derepression by oxygen limitation in 
Candida tropicalis and Candida guilliermondii. The effect occured below a partial 
pressure of oxygen of 4kPa which is about 20% of complete saturation. However, 
Lebeault found that in this genus the oxygen-limitation effect did not work if glucose 
was the sole carbon source. (LEBEAULT 1971)
4.4.5 Respiratory Deficient Mutants
JY Ju ch  work on the production of cytochrome P-450 by the “petite” mutant has been 
carried out by my colleagues at Surrey. Blatiak gives a particularly good account 
of the subject.(Blatiak 1987)
4 .5  The role of Cytochrome P-450
rJ 1he endogenous role of cytochrome P-450IA1 in Saccharomyces cerevisiae is 
thought to be the 14(a)-demethylation of lanosterol which is a key step in the 
biosynthetic pathway to ergosterol.
J^rgosterol is a major component of the cell membrane in yeast (AOYAMA 1984).
Yeast grown in strictly anaerobic conditions is unable to synthesise ergosterol which 
must therefore be supplied in the medium if growth is to occur. Another enzyme in the 
cytochrome P-450 group maybe involved in the biosynthesis of ergosterol and catalyses 
the desaturation of ergosta-5,7-dien-3 /1-OL. (HATA 1983)
J n  Saccharomyces cerevisiae one role of cytochrome P-450IA1 is in the late stages of 
ergosterol biosynthesis. This was confirmed by Ohba who found that the conversion 
of lanosterol to 4,4-dimethylzymosterol which is oxygen and NADPH dependent is 
inhibited by antibodies to cytochrome P-450. (OHBA 1978)
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Jpurther confirmation is obtained by using a reconstituted system of cytochrome P-450 
and NADPH-cytochrome P-450 reductase to catalyse the oxidative removal of the 
14 a  methyl group of lanosterol.
J J a t a  has described a further role of cytochrome P-450 in the A22—desaturation of
ergosta-5,7-dien-3 /?-ol. This was in cells of mutant strains which lacked the normal
00  •  14 a-demethylase and in which the A — desaturation of ergosta-5,7-dien-3 /?-ol is still
possible. (HATA1983)
4 .5 .1  Relationship of cytochrom e P-450IA1 production to ethanol 
concentration
possible relationship may exist in that in conditions of oxygen-limitation when 
fermentative glucose metabolism is taking place, the increased exposure to ethanol 
could require the modification of the cellular membranes - and hence a requirement 
for ergosterol.
J t  is noteworthy that the yeast Trichosporon cutaneum which has relatively low cytoch­
rome P-450 is strictly respirative.
J^ la tiak  showed that an increase in cytochrome P-450 occurred on exposure to various 
alcohols. (BLATIAK 1985)
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4 .5 .2  Oxygenase enzyme system
jy^jolecular oxygen can react with two groups of enzymes - oxidases and oxygenases.
•  Oxidases are a group of enzymes which use molecular oxygen as a hydrogen 
acceptor. The oxygen is thereby reduced either to water or to hydrogen 
peroxide.
•  Oxygenases will incorporate molecular oxygen into an organic molecule. 
Monooxygenases will incorporate only one atom of oxygen into the organic 
molecule, the other oxygen atom being reduced to water, and will therefore 
also require a reducing agent. Dioxygenases will however incorporate both 
atoms of the molecular oxygen into an organic molecule.
rJ 1he monooxygenases are also referred to as "mixed function oxidases” as they carry 
out both oxidation and oxygenation. External monooxygenase enzymes rely on a 
reducing agent, whereas internal monooxygenase enzymes can use the substrate itself 
as the reducing agent. External monooxygenases may use an electron transport chain 
with a two or three protein components. (WISEMAN & KING 1982).
^ ^ n e  group of external monooxygenases depend on cytochrome P-450 as the terminal 
oxidase.
rJ 1he general reaction is
RH + NADPH + H + + 02 -  > ROH + NADP+ + H2O 
where RH is the substrate.
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4 .5 .3  Substrates in mammalian cells
^ ^ v e r  a thousand different substrates have been identified for the mammalian micro­
somal monooxygenase system. The majority of these substrates are xenobiotic 
compounds including drugs, carcinogens, and biocides (insecticides and herbicides); 
although some substrates are endogenous compounds steroids, prostaglandins, and 
fatty acids. These apparently constitutive cytochrome P-450 species occur in mouse and 
rat liver in up to 4 to 7 forms. Each of which metabolises a variety of compounds, with 
a greater specificity for certain compounds than for others, but with varying degrees 
of overlap of substrate specificity.
4.5.3.1 Mammalian Liver Enzym es
fJ 1wo groups of enzymes can be identified in the liver :-
•  1) Broad specificity enzymes responsible for the detoxification of drugs and 
xenobiotics.
•  2) Inducible or narrow specificity cytochrome P-450 forms (WISE­
MAN 1982), which are more effective in the metabolisation of foreign com­
pounds entering the organism from the environment.
4 .5 .4  Reactions catalysed
rJ 1he reaction catalysed will depend on the substrate, but examples include :-
•  deamination
•  dehalogenation
•  dealkylation
•  aromatic ring hydroxylation
•  and oxidation of an aliphatic side chain.
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rJ 1he first step in the process is usually a hydroxylation (GILLETTE 1966). There are 
two proteins involved in the microsomal monooxygenase system, the cytochrome P- 
450 itself and NADPH: Cytochrome P-450 reductase, a flavoprotein which contains one 
FAD and one FMN. The substrate and oxygen binding sites are present on the Cytoch­
rome P-450 molecule.
rJ 1he role of the NADPH:Cytochrome P-450 reductase is to transport electrons from 
NADPH to the cytochrome P-450 molecule thus forming part of an electron trans­
port chain.
NADPH +  H + +NADPH:CytP-450 REDUCTASE +P-450.RH +O 2 
 >
NADP + NADPH+ CytP-450 REDUCTASE + P-450.ROH + water 
(RH represents the substrate)
phospholipid whose exact role is uncertain must also be present. Lu and Coon first 
demonstrated that when cytochrome P-450, NADPHrCytochrome P-450 reductase, 
and the phospholipid are purified and then reconstituted a working monooxygenase 
system can be produced (LU & COON 1968). This working in vitro system contains 
only three components, however the in vivo systems in mammalian liver microsomes 
does involve more components. There is a NADH dependent electron transfer system 
which contains cytochrome bs and NADH:Cytochrome bs reductase (SHIMA- 
KATA 1972). Phospholipid has also to be present in this system (HOLLOWAY 1971). 
NADH on its own without NADPH does not support mammalian microsomal mono- 
oyxgenation of xenobiotics, whereas NADPH on its own without NADH will. When 
both NADH and NADPH are present a synergistic effect is achieved.
^Jytochrom e P-450 also catalyses the NADPH-dependent reduction of molecular 
hydrogen peroxide. (GILLETTE 1957), (HILDEBRANDT 1973), and the lysis of
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oxygen-oxygen bonds of some organic hydroperoxides (peroxidase activity) 
(O’BRIEN 1980)
RlOOH + RH -  -  > - ROH + RiOH 
(RH represents the substrate)
^ Ja p d e v ila  summarised these peroxidase reactions as a catalytic cycle. 
(CAPDEVILA 1984).
diagram showing a cytochrome P-450 cycle is to be found overleaf in figure XIV 
on page 105.
4.6 Genetic control of Cytochrome P-450IA1 production
rJ 1he biosynthesis of cytochrome P-450 has been found to be regulated by a single 
nuclear gene and one or more modifying factors. This regulatory gene may exert its 
effect through the intracellular cyclic AMP level. (KING 1985)
4 .7  Test of Cytochrome P-450IA1 activity
"Y ’east cytochrome P-450IA1 can metabolise many promutagens into their active 
mutagenic products, and this could be used as a basis for a test of 
cytochrome P-450IA1 activity in situ (KELLY 1983).
"y^ery low levels of cytochrome P-450IA1 which are not detectable spectrophotome- 
trically, may be detected by the ability of P-450IA1 to catalyse the 14 a-demethyla- 
tion of lanosterol, and the fact that it is also subject to inhibition by antibodies to 
purified yeast cytochrome P-450 (AOYAMA 1981).
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Cytochrome P-450 cycle diagram
SOH
P-450(Fe4+ 0 “ )SH
SH
P-450(Fe 3+ 0)SH
h 2o
2H+
P-450(Fe 0 2"~)SH
02
\ J
ei
P-450(Fe 3+0 2-  )SH 
Figure - XIV
A Cytochrome P-450 cycle
S is the 
substrate
ei is transferred from NADPH via NADPH:Cytochrome P-450 reductase
&2 is transferred from Either NADPH via NADPH:Cytochrome P-450 reductase 
OR from NADH via NADH:Cytochrome bs reductase and cytochrome bs
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4 .8  Cyclic AMP
^^yclic AMP may be involved in the regulation of cytochrome P-450 biosynthesis in 
yeast. When Saccharomyces cerevisiae is grown under high (20%) D-glucose 
concentrations, (when the amounts of cytochrome P-450 produced tend to be greater), 
the level of cyclic AMP is low. The addition of cyclic AMP to yeast protoplasts greatly 
reduces the amount of Cytochrome P-450 subsequently produced by the yeast when 
grown in 5% glucose. However the addition of 5’-AMP or 2’-(3’) -AMP has no effect. 
This suggests that cyclic AMP may control the production of cytochrome P-450 by 
repression (WISEMAN 1978).
4 .9  Practical Applications of Cytochrome P-450
^ ^^ ith in  the pharmaceutical industry, cytochrome P-450 may be used on a preparative 
scale, (if sufficient quantities could be made available), for selective hydroxylation 
and side chain cleavage reactions, particularly of steroids (MOHR 1984). One advant­
age of using an enzymic method is that the stereospecificity helps to avoid the produc­
tion of unwanted by-products which apart from the waste of material may actually be 
toxic.
^^ytochrome P 450 is currently used in the Ames test (AMES 1974) where the testing 
of potential drugs routinely involves the incubation of the drug with a liver fraction 
and the subsequent testing of metabolites for mutagenic or carcinogenic activity. It may 
be possible to build a dialysis machine in which the blood is passed over bound 
cytochrome P-450 which would convert toxic compounds into water-soluble forms.
JJo w ev e r, the most promising application of cytochrome P-450 would seem to be in 
the testing of anti-fungal agents which have been designed as cytochrome P-450 
inhibitors (van den BOSSCHE 1985)
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Chapter 5  -  The Computer Control of Fermentation
5 .1  Control Algorithms
fJ ,he most elementary use of the computer is Data Logging in which the computer 
either writes each reading to an output file, or else collates the data over a period 
of time and writes an average value to the output file. The file of data produced is 
usually subjected to computer analysis later.
5 .1 .1  Set point control
rJ 1he reading obtained is compared with a fixed value and a feedback signal is 
generated to correct any discrepancy. More sophisticated systems allow the com­
puter to learn from previous efforts at correction and apply a different feedback signal. 
It may be this very process which caused the program in use to loose control of the pH 
value in the tank on one occasion. Suppose for example that an air bubble occurs in a 
pipeline supplying acid to the tank. The tank requires acid and so the pump is instructed 
to pump acid. The pH reading is again taken and because of the air bubble in the line 
no change to the pH has been achieved. On the next cycle the pump will be turned on 
for longer in an attempt to provide acid. When the acid does arrive it is in excess and 
swings the pH far too low.
5 .1 .2  Profiles
rJ 1he profiling facility in the program allows the set-points to be altered in steps during 
the course of a run. Once the set-point is altered, the control is exerted in the same 
manner as in 5.1.1 above.
5 .1 .3 Hill climb
rJ ,,his is a technique whereby an alteration is made to some parameter to see if it makes 
an improvement, if it does so then further alteration is made in the same direction. 
Once the alteration causes a worst situation then it is assumed that the best situation 
has just been passed. The drawback with this approach is that it could be the case that 
the situation is only temporarily worse (in a valley) and if further corrections were made
108
Chapter 5 - The Computer Control of Fermentation
in the same direction then greater improvements could be made later (another hill 
further on).
Mass Balance
commercial fermentation operation is very aware of the costs of the raw materials, 
as well as the operating costs. The calculation of a mass balance is very useful in 
determining the most effective use of materials. However an on-line mass balance is 
often difficult to achieve in practice. The computer need to be fed information about 
the concentrations of the constituents of the media, as well as the biomass and the 
product, and also the quantities of the exhaust gases.
Computer Program
rJ 1he computer program in use was bought commercially, and is written in Apple 
Basic. The program does perform its function in controlling the apparatus, but is 
unstructured and difficult to amend. Any future advancements must involve the pur­
chase of a better program rather than corrections to the existing one.
Input Analysis
Jn p u t signals are obtained from :-
•  Revolutions per minute counter on the stirrer pH probe (and its temperature 
correction sensor)
•  temperature sensor
•  Dissolved Oxygen Tension probe
•  oxygen analyser
•  carbon dioxide analyser
1•  pressure transducer - measuring head of alkali in the reservoir
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rJ ,he signals which are analog are conditioned (their ranges altered) and input to the 
A/D converter.
5.2.1.1 Analog/digital converter
rJ 1his is a electronic device which takes the analog signals from the measuring instru­
ments and produces the corresponding value as a binary digital signal which the 
computer can read. This process of conversion takes time and in some applications sets 
a limit to the rate at which readings can be taken. Fortunately, in Biotechnology, in is 
quite sufficient to sample at say 10 second intervals and so the speed of the converter 
never becomes a problem.
5 .2 .2  Output Analysis
^ ^ u tp u t signals are applied to
•  peristaltic pump for acid
•  peristaltic pump for alkali
•  controller of the stirrer motor
•  valves for heating water
•  the valves for cooling water
rJ 1hese digital signals are output via a digital/analog converter (D/A) which produces 
the voltages required to operate mains relays.
[1] This transducer has had to be specially mounted so as to prevent it from responding to vibrations
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5.2.2.1 Output of information
Screen displays
a) While the run is being controlled, the user is presented with a screen which 
displays the values of the various parameters, such as RPM, D.O.T. etc and 
which is updated as each new reading is taken. A complete cycle through the 
16 channels takes about 16 seconds
b) Set Values screen. The user can stop the control function temporarily and 
display the settings for each of the parameters being controlled. One of the 
options on this screen is to calibrate the readings against some other measuring 
device.
c) Disc screen. The user can manipulate the files held on the disc.
d) Printer Screen. This allows the printer to be initialised and the print interval 
to be selected. Previously a print interval of 10 minutes was considered adequ­
ate, but recent experiments have used a print interval of 1 minute in order to 
follow the changes more closely.
e) Plotting screen. This allows the user to load data from the data file (this 
process erases runtime data already in memory) and direct the output to the
•  •  T Oprinter in the form of a plot. [The plotting facility by the APPLE system is 
rather poor, but the data can be transferred to the PRIME™  mainframe 
system or to an IBM PS/2 for plotting.].
Printouts
a) Initial settings, date, and clock time are printed out.
b) During the run the readings are printed out at intervals determined by the 
“print interval”. N.B. that the value printed was the last value obtained, and 
NOT a average over the print interval. This can lead to misinterpretations if a
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long print interval is selected and the last reading obtained happens to be away 
from the normal.
c) The plots can be found in chapter 7.
Please see page 74 in chapter 2 for a sample of the printout.
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Chapter 6 - Fermenter Design
6 .1  CAD drawings of fermenter tank
6 .1 .1  Front view of the tank
{Please see the drawing in figure XV overleaf
rJ 1he Computer Aided Design package “AUTOCAD” provides the facility to make 
two dimensional drawings and plot the drawings. The drawing system allows 
changes to the design to be made easily. Where a piece is to be machined by cutting 
metal, the drawing is passed to another package - a “Post Processor” which calculates 
the movements of the CNC cutting tools. An automatic lathe then produces the finished 
piece such as a new agitator. However, this package, while excellent for designing the 
individual pieces of a fermenta- tion tank, is not really ideal for designing the whole 
fermentation system. Another package “CHEMCAD” is available and allows, for 
example, calculations on the flow rates in pipelines; although it was not intended for 
Biotechnology as it does not seem to include a suspension of cells in liquid as a standard 
component.
114
Chapter 6  -  Fermenter Design
6 .1 .2  CAD drawing of fermenter
Figure - XV
The 5 litre fermenter tank
C O M PUT ER A IDE D D E S I G N  DRAWING
s t i rrer
p H  probe
a i r  inlet
P  CM
>3 CM
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6 .1 .3  CAD drawing of the top of the tank
{Please see the drawing in figure on following page]
rJ 1he top of the tank has the entry ports for the probes and also supports the weight 
of the tank which is suspended underneath. As already mentioned “AUTOCAD” 
and its “Postprocessor” are good for designing and actually producing parts machined 
in metal.
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6 .1 .4  CAD drawing of top of tank
Alkali Inlet
Acid Inlet
Cooling Water 
Outlet
Cooling Water 
Inlet A /
Securing bolts
D.O.T. Probe
pH probe
Sample port
Figure - XVI
The top of the 5 litre tank
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6 .2  Effect of agitation on dissolved g a ses
^^gitation increases the homogeneity of the system by promoting the transfer of 
solutes between biomass and bulk medium, and between the medium and the gas 
phase which which it is contact.
rJ 1he availability of nutrients and the dispersal of metabolites in the microbial envi­
ronment is improved. The rate of transfer increases with the rate of agitation.
J n  the case of sparingly soluble gases, such as oxygen, whose concentration in the bulk 
medium is the result of a dynamic balance between the rate of absorption by the 
micro-organisms from the medium, and the rate of absorption into the medium from 
the gas phase, agitation increases the rate of absorption form the gas phase by replacing 
the saturated liquid at the gas-liquid interface with fresh liquid from the bulk of the 
medium.
rJ 1he rate of interface renewal should increase with increasing agitation rate. Similarly 
the rate of desorption of gaseous metabolites such as carbon dioxide from the 
micro-organism should be improved with increasing agitation.
Jncreased agitation however means more power consumed and more heat to dissipate.
118
CHAPTER 7
EXPERIMENTAL RESULTS
Chapter 7  -  Experimental Results
7 .1  Experimental strategy
rJ 1he object of the first few experimental runs, which took place in 1983, was to 
establish that I could achieve the production of similar levels of cytochrome P- 
450IA1 as other workers using the same fermentation unit and conditions. Thereafter 
the object of the experiments was to explore ways of improving the yield of cytoch­
rome P-450IA1. Set point conditions were used throughout the series of experiments. 
The set points chosen resulted from the recommendations of another Surrey worker J. 
Salihon (SALIHON 1985) who used a hill-climbing technique (Box’s method) to opti­
mise the parameters and medium concentrations for maximum cytochrome P-450IA1 
yield.
J n  subsequent experiments various ideas were explored :-
•  a) Feeding of glucose as the level of glucose declined. Many fermentations are 
indeed carried out as fed-batch cultures. Various computer control strategies 
exist to maintain the glucose at constant levels.
•  b) Harvesting the yeast at the peak of cytochrome P-450IA1 production but 
returning half of the yeast to fresh medium. It was hoped to keep the culture 
in the exponential growth phase.
•  c) Harvesting the yeast and returning 10 g wet weight to fresh medium instead 
of growing the inoculum in a shake flask.
•  d) Chilling down the tank to 12°C in order to preserve the 
cytochrome P-450IA1.
•  e) As oxygen is thought to be involved with the degradation of 
cytochrome P-450IA1, (as well as its formation), alternating between 
anaerobic and aerobic fermentation. It was this idea which proved successful.
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•  f) Measuring the concentrations of oxygen and carbon dioxide in the exhaust 
gases in order to arrive at a mass balance figure.
•  g) Exploring the effects of very low values of dissolved oxygen concentration. 
0.25 micromoles of dissolved oxygen has been suggested as the optimum con­
dition. The level of dissolved oxygen is sensitive to changes in the RPM. Care 
has to be taken when measuring the D.O.T. that the RPM is at 250.
•  h) Using the rate of evolution of carbon dioxide, or the demand for alkali as a 
prediction of the level of cytochrome P-450IA1.
•  i) A series of experiments to consider whether it is possible to use the shape 
and timing of the biomass peak as a prediction of the best time to harvest the 
yeast cells so as to obtain the best yield of cytochrome P-450IA1.
•  k) Measuring the heights of the cytochrome P-420 [N.B. 420] peaks, before and 
after passing carbon monoxide, these were then correlated against the 
P-450IA1 peaks.
rJ 1he shape of the curve is also of interest as a trough appears at 410 nm. There seems 
to be a linear relationship between the height of the P-450 peak and the dip at 
410 nm.
•  1) The P-420 peaks before and after passing carbon monoxide both grow as the 
culture becomes older. The effect that D.O.T. levels have on these peaks is 
investigated.
•  m) In spite of the fact that the object of the exercise is to produce P-450IA1, 
some experiments included a violent change in conditions in order to explore 
the circumstances under which cytochrome P-450IA1 is destroyed.
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•  n) Experiments were carried out to explore the correlation between the 
amount of P-450IA1 produced and the concentration of ethanol in the medium.
•  o) A series of experiments in which the cytochrome P450IA1 content of the 
flocculating yeast was measured.
•  p) Shake flask fermentation as an alternative to using the 5 litre fermenter.
•  q) Shake flask experiments using samples drawn from the 5 litre fermenter in 
order to mirror the tank fermentation and compare the outcomes.
•  r) Shake flask experiments on a variety of other strains of yeast to examine the 
cytochrome P-450 contents under various conditions of growth.
•  s) Experiments in which the demand for alkali was followed as a measure of 
events taking place in the fermentation.
•  t) The on-line analysis of exhaust gases, particularly carbon dioxide to consider 
whether the timing and shape of the curves could be used as predictive of 
cytochrome P-450IA1 production.
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7 .2  Experimental design
y y h i h t  the main experiments were carried out by using shake flasks to prepare an 
inoculum for the larger tank, many series of experiments were also completed 
using shake flasks for the entire fermentation. Note however that the initial glucose 
concentrations for the shake flask experiments are often very different (at 20%) from 
those (at 1%) where the shake flask is used only to grown up the inoculum.
7 .2 .1  The “Standard” parameters for the 5 litre fermentation tank
^Jrevious work over a number of years at Surrey had resulted in recommendations for 
the best set of parameters to be used in order to obtain a reliable yield of both 
biomass and cytochrome P-450IA1 content in the yeast grown in the 5 litre fermenter. 
These parameters were therefore used as the starting point for setting up the apparatus. 
The effect of using variations away from these “norms” could then be discussed.
rJ 1hese parameters are given in table F below
Standard parameters
Temperature 25°C
PH 5.04
Air Flow 150 cm3.min-1
RPM 250 rpm
Table F
The standard Parameters
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722 Media concentrations in the fermenter
mentioned in the previous paragraph, the recommendation for the best condi­
tions and concentrations came from the work of my predecessors at Surrey — 
particularly that of Dr Salihon.
rJ 1hese “standards” for the media concentrations1 used in the 5 litre tank are given 
in table H below
Concentrations in the Fermenter Tank
Glucose 14%
Mycological Peptone 10.4 g.dm-3 = 41.6 g in 4 litres
Yeast Extract 16.9 g.dm-3 = 67.6 g in 4 litres
Sodium chloride 0.9 g.dm-3 = 3.6 g in 4 litres
Table G
Tank media concentrations
7 .2 .3  Shake fiask media concentrations
pinions as to the best set of conditions and media concentration to use in the shake 
flasks used to grow up the inoculum did seem to be wider than was the case for 
the fermenter tank.
JJo w ev e r, whatever the exact constitution that different workers used in the shake 
flasks, providing that lOg wet weight of active yeast went into the fermenter tank, 
the outcome appeared to be comparable.
[1] This concentration of glucose is regarded as a “high” glucose level, compare however the use of 20% 
glucose in the shake-flask experiments, and in some 4 litre tank experiments.
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^ h e  concentrations recommended for use in the shake flasks used to grow up the 
inoculum have varied over the years and the present values (in use to 1991) are given 
in table H below:
Concentrations in the Shake Flasks
Glucose 10 g.dm-3 = 8 g into 800 cm3
Mycological peptone 20 g.dm-3 = 16 g into 800 cm3
Yeast extract 10 g.dm-3 = 8 g into 800 cm3
Sodium chloride 5 g.dm-3 = 4 g into 800 cm3
Table - H
Shake flask media concentrations
7 .2 .4  Inoculum size
FJ 1he size of the inoculum was chosen at lOg wet weight of yeast (although Salihon 
reported that small variations in the size of the inoculum made little difference).
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7 .3  The collection of data from each experiment
rJ 1he experiment is named by using a date which, in the case of fermentation tank 
experiments, is the date of inoculation of the shake flask from the agar slope. This 
shake flask is then used to grow up enough biomass to inoculate the main tank.
J J e n c e  a typical experiment would be recorded as in table I below
Details recorded for each experiment
Run identification [19/2/86]
Yeast used Saccharomyces cerevisiae
Strain of yeast NCYC754
Age of slope [5/1/86]
Yeast Extract Batch Number 29112576
Sodium Chloride Batch Number MR5948
Glucose Batch Number 74F.0692
Peptone Batch Number 830815
Table - 1
Details for a typical run.
rJ 1he Batch Numbers are recorded for every experiment so as to be available for any 
subsequent investigation into an interesting result which might be attributable to 
the medium used, or to some impurity in the medium. The Batch Numbers for the shake 
flask medium also apply to the medium made up for use in the main fermenter tank.
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rJ 1he concentration of the medium used for the shake flask and also for the fermenter 
tank were recorded, a typical set of figures is given in table J below
SHAKE FLASK
Mass of Glucose 8g
Mass of Peptone 16g
Mass of Sodium Chloride 4g
Mass of Yeast Extract 8g
Table-J
Shake flask medium
rJ 1he timings for the set of shake flasks were recorded, a typical set of figures is 
illustrated in table K below
rJ 1he conditions for each of the eight flasks were intended to be identical when a set 
of eight was used simply to prepare an inoculum. However each flask in the set was
in fact numbered ( 1 to 8 ) in
Details recorded for each Shake Flask
Date of starting shake flask 22nd July 1986
Time of starting shake flask 5 pm
Total hours in shake flask 25 3/4  hours
Table-K
The timings for a set of shake 
flasks
case the need arose to identify 
a particular flask. Very seldom 
did any contam ination 
become apparent in the shake 
flasks.
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rJ 1he conditions used for the set of shake flasks were recorded for future reference in 
case a different treatment of the yeast at this early stage of the culture should prove 
to be significant in the final outcome.. The details usually recorded are given in table 
M below
Conditions in the shaking water 
bath
Temperature 30°C
Stroke frequency 120 per minute
Table -M
Shaking water bath conditions
j^Jimilarly, the yield obtained from the set of shake flasks was recorded, please see 
table L below
The yield from the set of shake flasks
Wet weight of yeast obtained from the shake flasks 13.6g wet weight
Wet weight of yeast used as an inoculum lOg wet weight
Table-L
The yield from the set of shake flasks
j^Tote that 10g wet weight of yeast was used as a standard inoculum in all my 
experiments, even though as previously mentioned, small variations in the amount 
of inoculum were found by Salihon not to be significatant in determining the final 
outcome of the fermentation. It is however interesting to note the total yield of biomass 
produced in the shake flasks as this may give an indication of the vigour of the yeast.
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rJ 1he initial concentrations of the materials used in the medium for the main fermenter 
tank were recorded for every experiment, as illustrated in table N below
Fermenter Tank
Mass of Glucose 562g
Mass of Peptone 41.6g
Mass of Yeast Extract 67.6g
Mass of Sodium Chloride 3.6g
In a final volume of 4 dm3
Table-N
Concentrations used in the fermenter tank
J ^ o t e  that as in the shake flasks, these are very much INITIAL concentrations.
Occasionally when 1M NaOH and 1M HC1 were being used for pH control, the 
volume in the tank would be increased beyond the original 4 dm3 — thus diluting these 
concentrations. The use of 4M NaOH and 4M HC1 minimised the volume of liquid 
added but could theoretically give a less fine control - in practise however the computer 
system usually controlled the pH very well.
129
Chapter 7  -  Experimental Results
7 .3 .1  Biomass data
rJ 1he amount of biomass produced during the course of each fermentation in the 5 
Litre tank and the shape of the plot of biomass against time was very similar for all 
the experiments. A typical result is displayed in table O below.
Biomass Data
Date Time Hours g(wet).20cm 3 g(wet).dm
19 th Feb 1986 9 am Start
6 am 21 0.83 41.5
6.30 am 21.5 0.80 40
7 am 22 0.87 43.5
9.30 am 24.5 0.83 41.5
9.50 am 25 0.87 43.5
10.20 am 25.33 0.85 42.5
20 th Feb 1986 12.30 pm 27.5 0.89 44.5
3.30 pm 30.5 0.92 46
3.50 pm 30.8 0.82 41
5.45 pm 32.75 0.9 45
6 pm 33 0.84 42
6.30 pm 33.5 0.79 39.5
6.45 pm 33.75 0.82 41
10.45 pm 37.75 0.8 40
Results — Page 1
Table - O
Biomass data
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7 .3 .2  Cytochrome P-450IA1 readings
J^atu rally , the reading for cytochrome P-450IA1 were of outstanding interest and as 
many sample as possible were read throughout the entire course of the fermenta­
tion. As mentioned elsewhere great reliance was often placed on colleagues to be 
available as escorts to enable laboratory work to be performed out of normal hours and 
at weekends.
rJ 1able P below gives a small sample from the vast number of readings to illustrate the 
details recorded.
Cytochrome P-450IA1 data
Date Time Hours
Readings taken from 
paper chart of 
pen recorder 
- arbitary units
nmol/g.(wet)
30 th July 1985 8 pm Start
9.30 am 13.5 9 1.98
10 am 14 9 1.98
11.30 am 15.5 17 3.73
12 noon 16 21 4.62
31 st July 1985 12.30 pm 16.5 22 4.84
2 pm 18 23 5.05
4 pm 20 30 6.59
4.45 pm 20.75 30 6.59
5 pm 21 27 5.93
5.30 pm 21.5 34 7.47
Results — Page 1
Table-P
Cytochrome P-450IA1 data
131
Chapter 7 - Experimental Results
Cytochrome P-450IA1 data - continued
Date Time Hours
Readings taken from 
paper chart of 
pen recorder 
• arbitary units
nmol/g.(wet)
31st July 1985
6.15 pm 22.25 37 8.13
6.45 pm 22.75 50 10.98
7 pm 23 54 11.86
7 15 pm 23.25 44 9.67
7.40 pm 23.75 51 11.21
8 pm 24 54 11.87
1 st Aug 1985
10.30 am 38.5 60 13.18
11.15 am 39.25 60 13.18
12 noon 40 63 13.85
2 pm 42 47 10.32
3 pm 43 33 7.25
3.15 pm 43.25 28 6.15
Results -  Page 2
rJ 1his experiment continued to be recorded for another day. These recording of the 
experimental data included details of events such as the feeding of glucose and the 
timing of observations made by microscope.
'^ ^ h e r e  a particular measurement was lost such as a cytochrome P-450IA1 reading 
being lost because of a paper jam on the pen-recorder, the term N/A (not 
available) was entered into the data, rather than nothing at all. This ensured consistency 
of the record in cross checking the number of data points stored.
J t  was practically very difficult to collect data at intervals less than 15 minutes 
between sample — unless a colleague could assist.
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7 .3 .3  Dissolved Oxygen Tension data
^J^he readings recorded from the immersed dissolved oxygen tension probe were 
subject to moment—to —moment fluctuations. However over a longer period of say 
five minutes a trend could easily be discerned.
Dissolved Oxygen Tension Data
Date Time Hours/Minutes D.O.T. %
12 noon start
12:03 pm 3 minutes 4.02%
12:04 pm 4 minutes 3.61%
12:05 pm 5 minutes 3.1%
12:06 pm 6 minutes 2.1 A %
8 th April 1986 12:07 pm 7 minutes 2.34%
12:10 pm 10 minutes 1.16%
12:11pm 11 minutes 0.726 %
12:12 pm 12 minutes 0.536 %
12:13 pm 13 minutes 0.486%
12:14 pm 14 minutes 0.461%
12:15 pm 15 minutes 0.451 %
Results — Page 1
Table - Q
Dissolved Oxygen Tension data
ote that the value for the oxygen concentration being produced by the dissolved 
oxygen probe is actually sampled approximately every ten seconds, but the values 
quoted here are one minute apart which is quite adequate to follow the course of the 
changing oxygen levels.
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rJ 1he dissolved oxygen probe was calibrated for 100% and 0% oxygen saturation of 
the medium. [ 100% oxygen saturation in water gives some 250 micromole of oxygen 
= 8 mg.dm-3 ]
J ^ o t e  however that the amount of oxygen required to saturate an aqueous solution of 
glucose — or a solution containing other solutes will be less than this figure.
J t  cannot be expected to be accuarate over such as wide range, but in fact most of the 
work involved readings at the lower end of the range near to 1% of saturation.
Jprequent calibration of the probe against zero oxygen saturation was therefore 
desirable.
rJ 1he probes used performed excellently and even if there was uncertainity about the 
absolute value of the dissolved oxygen concentration, the probes were at least 
consistent in their readings over time , apart from the fluctuations mentioned above.
^ J a r e  has to be taken when sterilising the probes as they are mechanically quite 
fragile.
j^jubsequent analysis of the data showed that it so happened that it is the change in 
dissolved oxygen tension which proved to be of importance, rather than a need to 
know the absolute value with certainity.
J^xperim ent showed that the readings from the D.O.T. probes are affected by the pH 
of the medium. Therefore care has to be taken to note that the pH is under control 
at some set value before any reliance can be placed on the readings from the D.O.T. 
probes.
[2] This consistency can be demonstrated by immersing the probe in a cell-free medium which is isolated 
from the atmosphee
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7 .3 .4  Temperature data
rJ 1he temperature measured is actually that of the cooling/heating water which differs
-5
from the temperature of the tank by a known amount . In summer the fermenter 
cooling system could not really cope which removing the excess heat from the fermenter 
tank because the incoming tap water was too warm. An extra cooling system which 
used a refrigeration unit was built and used from time to time. The temperature 
readings were recorded as illustrated in table R below
Temperature Data
Date Time Hours/Minutes degrees C
19 th July 1985
2 am 41:00 26.5 °C
2:01 am 41:01 26.4 °C
2:02 am 41:02 26.3 °C
2:03 am 41:03 26.3 °C
2:04 am 41:04 26.2 °C
2:05 am 41:05 26.3 °C
Results -  Page 1
Table - R
Temperature data
ome experiments involved chilling the tank down to 12 °C as part of an investigation 
into preserving high levels of the cytochrome P-450IA1 for long periods of time. 
This technique was sometimes useful where the yeast cells were due to be harvested 
the next morning by a colleague who wanted their cytochrome P-450IA1 content.
[3] Controlling the circulating water temperature at 26.5 °C produces a target temperature in the tank of 
25 °C
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7 .3 .5  Air flow data
Jp rom  time to time the gas flow through the apparatus was accurately measured using 
a flow meter and the flow guages on the air intake and also on the carbon dioxide 
analyser were calibrated.
J n  general it was difficult to be sure that the rate of flow of air into the fermenter tank 
plus the carbon dioxide generated, less the oxygen absorbed, equalled the rate of 
flow of the exhaust gases. There were two reasons for this uncertainity, firstly that the 
path of the gas held many opportunities for the gases to escape, and secondly the air 
pump delivered the air erratically causing the needle on the air intake guage to 
fluctuate. However mean values can be quoted. Please see table S below
Air Flow Data
Date Time Hours
-5
Flow cm /min
24 th July 1985
8.30 pm 9 150 (mean)
10.30 pm 11 150
25 th July 1985
12.45 am 12.75 150
1 am 13.5 150
Results — Page 1
Table - S
Air flow data
^ ^ n e  useful technique was to purge the tank with nitrogen in place of the usual air 
flow when anaerobic conditions were required. This had the advantage (over 
simply switching off the air pump) of maintaining the same agitation due to gas bubbles 
in the tank. Again, a flow meter could be used to set the rate of flow of gas. After being 
sampled, the exhaust gases were vented to the outside of the building.
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7 .3 .6  pH data
J n  general the computer system controlled the set pH very effectively by pumping acid 
or alkali. A minute by minute knowledge of the exact pH reading was necessary the 
two reasons; forstly to ensure that the yeast had not been damaged at any time by a wild 
swing in pH, and secondly to ensure that all the measurements taken from the dissolved 
oxygen probe were made at the same pH. The table T below illustrates a typical 
recording.
pH Data
Date Time Hours/Minutes Reading
8 th Aug 1988
9 pm 6 hours 5.03
9:01 pm 6:01 5.04
9:02 pm 6:02 5.03
9:03 pm 6:03 5.02
Results -  Page 1
Table -T
pH data
A s  no alarms were available to warn of an out-of-range condition the log of the 
experiment had to be checked later minute by minute to find any possible swings 
in pH.
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7 .3 .7  Oxygen in exhaust gases data
sample of the exhaust gases was dried by passing it along a 1 metre long tube 
containing silica gel before passing through the oxygen analyser4 A typical set of 
readings is illustrated in table U .
Oxygen in Exhaust Gases Data
Date Time Hours/Minutes Reading
15 th Aug 1988
11.30 pm 8:20 16%
11.40 8:30 15.9%
11.50 pm 8:40 15.6%
12 pm 8:50 15.6%
16 th Aug 1988 12.10 am 9 15.5%
Results — Page 1
Table - U
Data from the Oxygen Analyser
^Jalibration of the instrument was carried out rdutinely at the start of each fermen­
tation run by passing normal air with 20.9 % oxygen and also the zero point of the 
instrument was set. Unfortunately, it was observed that the reading shifted slightly if 
the throughput of the gas was changed. All readings made use of in any subsequent 
analysis of the data were therefore taken at an arbitary standard rate of pumping of 
the gaseous sample.
[4] The carbon dioxide analyser actually pumped the sample through both instruments. Care had to be 
taken that outside air was not drawn into the sample line.
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7.3.8 Carbon dioxide in the exhaust gases
^^ollecting accurate readings from the carbon dioxide analyser was important for two 
reasons; firstly, an attempt was to be made to collate the timing of the peak ocf 
carbon dioxide emission with the shape of the cytochrome P-450IA1 curve, secondly 
they were required for any calculations of mass balance of the fermentation.
rJ 1he table V below gives an example of this collection of data a similar set of which 
is drawn up as a graph on page 164 .
Carbon Dioxide in the Exhaust Gases
The data was actually collected every 10 seconds but recorded at 
minute intervals thus
Date Time Hours/Minutes % co2
22 nd Oct 1985
11 pm 6 hours 0.58%
11:01 pm 6:01 0.611 %
11:02 pm 6:02 0.639 %
It is however quite sufficient to plot these points every fifteen 
minutes Thus, using decimal parts of an hour, will be plotted
22 nd Oct 1985
11 pm Silllllil! 0.58
11:15 pm iBIIIIIII 0.69
CO2 data — Page 1
Table - V
Data from the Carbon Dioxide Analyser
J J ’or accurate calculations, care had to be taken that no outside air was being drawn 
into the sampling and drying system so that the gas passing through the instrument 
was representative of the gas in the head space above the medium in the tank.
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cylinder of calibration gas containing a known amount of carbon dioxide (10%) in 
nitrogen was purchased and used at intervals to set the instrument. The zero point 
was routinely set before each fermentation run.
J t  is difficult to be certain about the rate of flow of the gases after the fermentation 
tank as gases are lost from the head space each time a sample is taken and because 
of the delay introduced by the tube of silica gel the effect may last for some minutes.
gases lost as sample is taken
vented to outside 
of the building
Air pump
silica gel 
drying tubeThe flow meter 
here can give an 
accurate measure 
of the air intake
head space
Figure - Q
Exhaust g a ses  analysis
positive pressure is maintained in the head space above the medium and this helps 
to avoid the ingress of air-bourne microorganisms.
An “event-marker” system was used to record the exact moment of opening the port 
to take the sample of medium and cells from the fermenter tank.
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7 .3 .9  Glucose concentration data
^Jlease  see the section in chapter 2 on page 45 for details of how the analysis for 
glucose is routinely carried out. The table W overleaf shows a typical downward 
curve as the glucose is utilised.
ote that in some experiments additional glucose was added as a feed either as a 
single feed or sometimes continously as part of an investigation.
rJ ,he cell-free samples of medium were all diluted 1:20. The Glucose Standard used 
was labelled 100 mg.dL-1 (ie. 100 mg%) and three aliquots were drawn from it. 
Each standard was subjected to three dilutions to give 1:20,1:10 and 1:5 and treated 
in the same way as the samples.
previously mentioned in the section on glucose estimation in chapter 2, care was 
taken to treat all the samples to the same level of room light intensity as it is known 
to affect the colour development.
^ ^ s  the complete analysis takes some time before the results are available, it is useful 
to know that a quick estimation for glucose concentration can be made — with some 
practise — by serially diluting a cell-free sample of the medium until the glucose 
concentration falls within the range of a Clinistix™.
J n  the future it is to be hoped that an on-line analysis will be available by using an 
immersed biosensor for glucose.
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Glucose concentration Data
Date
Time of taking 
a sample for 
glucose 
estimation
Hours Readingobtained Concentration g%
19th Feb 1986 9 am start known concn. 14.05%
6 am 21 1.26 7.875 %
6.30 am 21.5 1.3 8.125 %
7 am 22 1.18 7.375 %
9.30 am 24.5 1.27 7.937 %
20th Feb 1986 9.50 am 24.8 1.26 7.875 %
10.20 am 25.3 1.27 7.937 %
12.30 pm 27.5 1.24 7.75%
3.30 pm 30.5 1.1 6.87%
6.45 pm 33.75 0.92 5.72%
10.45 pm 37.75 0.68 4.25%
12 noon 51 0.46 2.86%
21st Feb 1986
2.50 pm 53.8 0.37 2.3%
4 pm 55 0.36 2.23%
6.30 pm 56.5 0.34 2.155 %
22nd Feb 1986
10.15 am 73.25 0.22 1.39%
11.45 am 74.75 0.2 1.25%
glucose readings
Table - W
The estimation of g lucose
^J^lthough the above illustration of glucose data shows some quite long gaps between 
some sample, the points obtained can be used to fix the curve with a reasonable 
degree of accuracy. Samples for other purposes were of course taken more frequently.
142
Chapter 7 - Experimental Results
7 .3 .1 0  Ethanol concentration data
Ethanol Data
Hours since 
start of the 
fermentation
Ae Ethanol g.dm 3 Ethanol g %
0 Hours-Start 0 0 g.dm-3 0%
21 0 0 g.dm-3 0%
21.5 0 0 g.dm-3 0%
22 0 0 g.dm-3 0%
24.5 0.32 3.63 g.dm-3 0.363%
25 0.32 3.63 g.dm-3 0.363%
25.3 0.38 4.3 g.dm-3 0.43%
27.5 0.66 7.48 g.dm-3 0.748 %
30.5 0.106 12 g.dm-3 1.2%
33.75 0.173 19.6 g.dm-3 1.96%
37.75 0.302 34.2 g.dm-3 3.42%
51 0.688 78 7.8%
Results of ethanol analysis — page 1
Table - X
Ethanol data
J^ead in g  for ethanol concentration in the medium came originaly from analyses using 
the Boehringer test kit, the use of which is described on page 43 in chapter 2. More 
recent experiments had the advantage of the availability of gas-chromatography equip­
ment.
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Jpollowing the course of ethanol production and comparing it with the production of 
cytochrome P-450IA1 leads to evidence, shown later in this chapter, of an associ­
ation between the two.
(^om e results are recorded above in table X as an example of the range of values 
obtained in a typical fermentation run.
7.3.10.1 R.P.M. data
^ ^ t  first sight the R.P.M. data may not appear to be of much interest, varying slightly 
as it does around the set point of say 250 rpm. In fact however variations in RPM 
have a profound effect on the dissolved oxygen tension and therefore the exact R.P.M. 
needs to be known. The data is collected approximately every 10 seconds and is most 
usefully reported at minute intervals as in table Y.
R.P.M. Data
Set point is 250 rpm
Hours:Minutes Actual RPM
00:08 251
00:09 251
00:10 251
Results — Page 1
Table - Y
RPM data
J^elibera tely  changing the rate of agitation is an effective way of making fine adjust­
ments to the dissolved oxygen concentration, although it has to be understood 
thatthe conditions are no longer the same —changing the rate of agitation means 
changing the availibility of not just oxygen but also nutrients as well as possibly changing 
the the degree to which joined chains of cells are broken up.
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7 .3 .1 1  Alkali demand data
rJ 1he table Z below shows the figures obtained by manually reading the liquid level 
in the reservoir of sodium hydroxide solution. Various attempts5 were made to 
gather this data automatically, but the most reliable data was that gathered by hand.
Alkali Demand Data
The concentration of sodium hydroxide solution used in this fermentation was 4 M
Date Time Hours Volumeremaining
usage since the 
previous time
8th April 1986
12 noon start 800 cm3
12.30 pm 0.5 hours 798 cm3 2 cm3
1pm 1 hour 796 cm3 2 cm3
1.30 pm 1.5 hours 794 cm3 2 cm3
2.15 pm 2.25 hours 791.5 cm3 2.5 cm3
Note that the intervals between 
the taking of the readings are 
not always equal - but the usage 
is clear when the data is plotted.
Table - Z
Alkali demand
J^jimilar readings were recorded for the usage of hydrochloric acid solution. The usage 
of hydrochloric acid from the reservoir has of course got to be taken into consider­
ation when calculating the amount of alkali demanded by the fermentation. In practice 
it is found that usually very little acid is used.
[5] The reading from the pressure transducer, which measures the head of iiquid were unreliable as the 
device was apparently too sensitive to vibrations in the laboratory.
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7 .3 .1 2  Reliability of the data
7.3.12.1 M issed night-time peaks
^^^h ereas  many experiments were conducted throughout the 24 hours period by using 
a team effort, some fermentation logs inevitably had large gaps in the readings.
^^ytochrome P-450IA1 readings in particular were a problem as they had to be 
obtained by hand at the time the sample was drawn — it is not feasible to draw and 
freeze a sample for later analysis.
^ ^ a re  therefore was exercise throughout the work not to pre-suppose a trend in either 
direction unless sufficient data points were available to fix the curve with con­
fidence.
7.3.12.2 Calibration of readings
,J 'h e  analyses were invariably conducted on equipment present in our laboratory. In 
order to cross-check the values obtained, particularly for the cytochrome P-450IA1 
readings, samples were sometimes taken, as rapidly as possible, to another laboratory6 
in the Department of Biochemistry and there assayed.
Jportunately, complete agreement was found.
£ ^ th e r  calibration procedures, such as the use of special calibration gases and 
flow-meters were routinely carried out.
[6] I am grateful to Dr Blatiak and his colleagues for their cooperation
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ANALYSIS AND PRESENTATION OF THE 
EXPERIMENTAL RESULTS
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7 .4  Analysis and presentation of the data
J n  the previous sections of this chapter the collection of the raw data from the 
fermentation experiments in the 5 litre tank and the shake flasks was illustrated.
jy je n t io n  was made of the reliance which could be attached to the accuracy of this 
data; the frequency of its collection; and the calibration of the instruments making 
the measurements.
J n  the next few sections there is an examination of how this raw data may best be 
presented so as to give a realistic picture of events taking place in the fermentation.
As far as the 5 litre tank work is concerned it is better to treat each fermentation run 
as a unique event. The numerical results from one fermentation cannot properly 
be overlaid onto those from another fermentation so as to obtain an “average” course 
of events.
either is it really satisfactory to draw curves representing say, cytochrome P-450IA1 
concentration, for this mythical “average” fermentation and then to overlay bars 
to show the standard deviations derived from a whole series of actual fermenations at 
some point in time. The reason why this should not be done is that
Each 5 litre fermentation proceeds at 
its own pace with respect to time.
j y j o s t  of the graphs show time in hours and/or minutes on the horizontal axis. This 
is not a good measure of the “AGE” of the culture. So, for example, at 23 hours 
after the start of the fermentation one culture maybe considerably more advanced than
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another in its production of cytochrome P-450IA1 and may have reached a point which 
will not be reached by the other culture until some hours later.
J t  is therefore not helpful to compare the exact quantities of cytochrome P-450IA1 at 
this point of, say 23 hours, and deduce from it that the treatment given to one culture 
is more effective than the treatment given to the other.
better “clock” to use in the future needs to be identified, one which related to 
events in the yeast cell rather than to mere chronological time.
rJ ,he variations in the amounts of substances produced or used found between differ­
ent fermentation apparently treated in exactly the same way reflects the fact that 
one is dealing with a living, complex, biological system. How then can the amounts 
produced or used in different fermentations best be compared?
J n  some cases it is most satisfactory to quote a change in a reading as a percentage of 
the highest value. This is done on occassion in this chapter in order to compare the 
of the culture demands for oxygen.
^Jom parisons between experiments based on peak amounts obtained, irrespective of 
time, are also fraught with dangers in their interpretation. Suppose, for example, 
one fermentation produced a maximum yield of, say, 10 nmole of cytochrome P-450IA1 
per gram wet weight of yeast and another fermentation produced at some point in time 
a maximum of 12 nmole and the latter experiment was, let us say, fed glucose during 
the fermentation. Statistically we could carry out a large number of experiments with 
and without feeding glucose and compare the average peak yields to arrive at a 
conclusion as to whether controlled feeding of glucose has any effect on the amount of 
cytochrome P-450IA1 produced .
[1] It will be reported later in this chapter that the feeding of glucose was unhelpful in producing extra 
cytochrome P-450IA1, but does produce "extra” biomass.
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is however much more convinced that an effect is real if it can be shown on 
demand during the course of each fermentation, especially if the effect can be 
switched on and off at will.
7 .4 .1  The presentation of Biomass data
rJ 1he amount of biomass, measured in grams wet weight of yeast, produced in 
numerous fermentations carried out in the 5 litre tank showed a quite consistent 
result when the fermentations were fed the same amount of glucose.
J f  quoting averages, with standard deviations, is not a helpful way of illustrating the 
course of events then the best way of presenting the data is to give a plot from a 
fermentation which is typical of all fermentations treated in a certain fashion.
As mentioned previously, it is important to show the data points on which the curve 
is based. This allows an assessment of the confidence which one may place of the 
curve being a true reflection of the course of the fermentation. The greater the number 
of points, the more accurately we may fix the curve
large gap in the readings could indicate the possibility of a missed event or a 
temporary violent change in the values, although in this particular case of reporting 
biomass data our experience of many experiment tells us that this is unlikely2.
fJ ,he figure XVIII overleaf illustrates a plot showing point markers.
[2] This is not however the case for pH readings were it is necessary to check the log of the fermentation 
minute by minute to detect an temporary violent swings in pH which may have damaged the culture
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50-
Biomass
Biomass g- wet w elght/L
40-
3 0 -
20 -
10-
12 24
I I
36 48
Time In Hours
60 72
Legend 
• Biomass
Figure - XVIII
Biomass
^J^he two overnight periods during which regular measurements of biomass concen­
trations were not taken in this particular fermentation are drawn in on the graph 
by a straight connecting line.
J f  a graph were to be drawn without showing the point markers when the data was 
collected, as in the illustration overleaf in figure XIX , then theseconnecting lines 
could be misinterpreted as periods of stability between periods of rapid change.
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Biomass
Biomass g~wet welghi/L
40 -
3 0 -
20-
10-
24 36
Time In Hours
48 60 72
Legend 
—  Biomass
Figure - XIX
Biomass graph (without point markers) for run [19/2/86]
rJ 1he Biomass data is always plotted as an XY graph of grams wet weight per cubic 
decimetre against time in hours. The time quoted is the time as measured from the 
addition of the yeast inoculum to the tank. In some early experiments however the tank 
was allowed to reach a steady state before the yeast was added.
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7 .4 .2  The presentation of Cytochrome P-450IA1 data
J^aturally , the greatest interest throughout these experiments lies in following the 
progress of cytochrome P-450IA1 production or its decline. Consider then the 
interpretation of a graph such as the one shown in figure XX below.
Cytochrome P-450
P-450 nmol/g- wet weight
10-
4 -
2 -
0 12 24 36 48 60 72
Time In Hours
Legend
P-450
Figure XX
Graph of Cytochrome P-450IA1
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rJ 1he small crosses are point markers where a reading of cytochrome P-450IA1 was 
actually taken. The data points in this graph are connected by a straight line which 
tends to suggest sharper, more rapid, changes in cytochrome P-450IA1 concentration 
than is the case in reality. The very sharp peak plotted at 33 hours in the graph should 
not be interpreted as a sudden, drastic, change in cytochrome P-450IA1 concentration.
Jncidently, the presence of three separate peaks of cytochrome P-450IA1 in this
<3 #
fermentation was the result of deliberate manipulation of the P-450IA1 production 
and would not normally occur if the fermentation were left to proceed naturally.
2 ^ e ro  values in any of these graphs are significant and are always plotted on the base 
line (although it is sometimes difficult to see a small point marker with the base line 
drawn on top.)
^ ^ h e r e ,  very occassionally, a reading was lost the term N/A was entered into the data 
against the time, this means that it cannot be misread as a genuine zero value.
7.4.2.1 Estimation of Errors
^ ^ n  attempt has been made for each of the measurements in P-450IA1, biomass, pH, 
and exhaust gas concentrations etc, to estimate the likely size of the error in the 
original measurement. Subsequent calculations then often generate a figure to two 
places of decimals which is passed as data to be plotted.
^^llowing this figure to go forward is acceptable when it is the graph which is inspected 
but where reference is made to the numerical data itself it should not be assumed 
that the reading is necessarily known accurately to the second place of decimals.
[3] After a period of lhr 15 min without air, the air was turned on and again more cytochrome P-450IA1 
appeared lh r  30min later. This process was later repeated to give another cytochrome P-450IA1 peak.
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rJ 1his graph of P-450IA1 is drawn without point markers as is sometimes necessary for 
clarity when more than one series of data is to be plotted, but then, without point 
markers, the interpretion of the graph requires much more care as the evidence for the 
fixing of the line to the points is not apparent.
Cytochrome P-450
P-450 nmol/g-wet weight
10-
2 -
0 12 24 36 48 60 72
Time In Hours
Legend 
— P-450
Figure - XXI
Cytochrome P-450IA1 produced in a manipulated 
fermentation
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7 .4 .3  The presentation of CO2 data
readings are acquired from the carbon dioxide analyser every 10 seconds and 
recorded, usually, minute by minute, sufficient points are available to fix the course 
of the curve with confidence. However this would lead to a clutted diagram if all the 
available data points are plotted. A compromise is therefore to point some points 
especially where an acute change in the curve is taking place.
graph of the percentage carbon dioxide concentrations in the exhaust gases is 
shown in figure XXII overleaf.
J ^ o t e  that the “End Stop” for the carbon dioxide analyser is set at 20% this means 
that any concentrations of carbon dioxide in the exhaust gases greater than 20% 
will be erroneously reported as 20%. This should not however lead to any serious 
mis-interpretation of the progress of the fermentation.
The data points for the carbon dioxide readings are usually shown in the graph as being 
joined by a smooth curve.
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Percentage of Carbon dioxide 
in exhaust gases
X C02
20-
10-
0 12 36
Time In hours
24 48 60 72
Legend
C02
Figure - XXII
Carbon dioxide in the exhaust g a se s  
(Only the first 38 hours are shown)
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7 .4 .4  The presentation of D.O.T. data
rJ 1he data obtained for the dissolved oxygen tension readings, like all the “on-line” 
data automatically logged by the computer, is captured approximately every 10 
seconds.The log of the fermentation provides a recording of the data points every 
minute and a subset of these points at regular intervals is taken for plotting. A typical 
curve is shown in figure XXIII below.
Dissolved Oxygen Tension
D.O.T. V.
.9 -
.7 -
.6-
.5 -
.4 -
.3 -
.2-
.1-
Tlm© In Hours
Legend
D.O.T.
Figure XXIII
Dissolved Oxygen Tension
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7 .4 .5  Plotting two or more series of results to show concurrency
7.4.5.1 A graph show ing b iom ass and cytochrom e P-450IA1
Biomass and P-450
Biomass g- wet welght/L P-450 nmol/g-wet weight
-10
4 0 -
30 -
20-
10-
24 36
Time In Hours
48 60 72
Legend
P-450
Figure - XXIV
Combining two series of data points
using the same time scale along the horizontal axis of the graph [in what is known 
as an XYXY graph] events which actually occurred at the same time in the
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fermentation can be shown as doing so even if their periods between samples are 
different.
J n  any discussion of cause and effect it is of more than passing interest to known which 
event actually leads another. This is not always easy to determine from a glance at a 
graph.
^Jonsider
B
Time in hours
J^juppose that two lines, AB & CD, are properly fixed by a number of data points and 
that the boxes represent some of these points. Suppose also that the readings for 
the effect represented by line AB are taken ahead in time of the readings on line CD 
and the resulting data points are therefore to the left on the horizontal axis.
j^juppose further that in order to draw the two lines on the same graphs suitable 
scaling was correctly applied and it happened that line AB plotted above line CD. 
Then the resulting graph could be mis-interpreted as indicating that the effect repre­
sented by line AB preceeds or even causes effect CD.
very useful technique which can be used to consider the relationships between 
series of data points is to print the all the numerous graphs from the experiments 
on transparencies which can then be overlaid against each other.
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Overlay graph of cytochrom e P-450IA1 on B iom ass
Biomass and P-450IA1
P-450IR1 nmol/g~wet weight
Time In Hours
—12
—10
—6
-4
-2
L0
Legend 
+ P-450IR1
Figure XXV
(Overlay)
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7.4.5.3 Graph show ing cytochrom e P-450IA1 and B iom ass
Biomass and P-450
Biomass g- wet welghi/L P~450 nmol/g~wet weight
-10
4 0 -
3 0 -
-6
20-
10-
0 12 24 36 48 60 72
Time In Hours
Legend 
-a-Biomass
Figure XXVI
(underlay)
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7.4.5.4 CO2 and Oxygen in exhaust g a s e s  & Cytochrom e P-450IA1
J t  is also often useful to be able to accurately plot several series of lines on a single 
sheet so as to be able to spot possible relationships. In figure XIX below the changing 
concentration of cytochrome P-450IA1 is being compared with the events in the em- 
mission of carbon dioxide and the changing percentage of oxygen in the exhaust gases.
Cytochrome P-450IA1 and exhaust gases
P-450IR1 nmol/g wet weight ' /  gases
-20
10-
-15
-10
4 -
24 48
Hours
Legend
Figure - XXVII
CO2  and Oxygen in the exhaust g a ses  & P-450AI1
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^ ^ o te  that in any detailed analysis and interpretation of the percentage of oxygen
apperaring in the exhaust gases several factors must be considered
•  That the percentage of oxygen in the exhaust gases changes partly because 
some of the oxygen which was in the atmospheric air is being left behind in the 
medium.
^ ^ f  this oyxgen absorbed by the medium and suspension of cells, some may 
be being used by the yeast cells, but the usage by the cells at any instant 
may in fact be less than or greater than the amount being stripped from the 
passing air — because the medium is acting as a storage buffer. The amount of 
oxygen dissolving being greatly influenced by the rate of agitation.
•  The percentage changes because the emitted carbon dioxide itself occupies a 
much greater percentage of the exhaust gases.
•  The measured percentage changes but the volume of the exhaust gases pro­
duced is not constant and needs to be measured to determine the mass of 
oxygen being absorbed.
•  There is a possibility of some experimental error — at times of frequent 
sampling the head space gases may be escaping rather than being drawn into 
the gas analysis system.
•  There is a known delay, in the order of ten minutes, from the time the gases 
leave the head space to reaching the instruments. This is caused by the drying 
system.
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7 .4 .6  Following the course of a complex fermentation
^ n d  finally in this discussion of the analysis and correct interpretation of the raw data 
mention must be made of the fact that many of the curves obtained from the 
fermentation are quite complex in their shape. This is particularly true of those 
fermentations in which the D.O.T. was manipulated to bring about changes in the 
cytochrome P-450IA1. A glance at figure XXVIII will serve to illustrate the point.
P-450IA1 and D.O.T.
P-450IR1 nmol/g-wet weightD.O.T. V. (scaled times 50)
six series of 
trends
-10
4 0 -
3 0 -
20-
10-
-fH-
24 60 7248
Time In Hours
Legend 
P-450 - 4-  D.O.T.
Figure - XXVIII
Cytochrome P-450IA1 and D.O.T.
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A Report of The Specific Findings 
of This Research Work.
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7 .5  The effect of oxygen
J t  has long been known from the work of Wiseman and others that the production of 
cytochrome P-450IA1 in Saccharomyces cerevisiae is dependent on the level of 
oxygen present in the medium.
J n  a crucial experiment in carried out in 1986 ( run number [19/2/86] ) I noticed that 
cytochrome P-450IA1 can be produced by running the fermentation anaerobically, 
without passing air through the medium, and then aerobically by turning on the air 
flow. About one and a half hours later there is a new peak of cytochrome P-450IA1 
produced. This effect was demonstrated three times on the same fermentation run.
rJ 1his anaerobic/aerobic effect was then confirmed independently by an experiment 
carried out by a colleague Mr. R. Grobb (run dated RG5/3/86) .
J n  a subsequent run (dated [7/4/86] ) I found that although the level of 
cytochrome P-450IA1 had not decayed to zero and was unusually persistent, more 
P-450IA1 was produced by this technique of anaerobic then aerobic conditions. This 
showed that the technique could produce cytochrome P-450IA1 even though these is 
some already present.
Jpurther investigation then revealed a very interesting association between the pro­
duction or decline of cytochrome P-450IA1, and rising or falling dissolved oxygen 
tension levels in the medium.
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7 .5 .1  Cytochrome P-450IA1 formation
lo u r in g  the hours when the levels of cytochrome P-450IA1 are rising, careful recor­
ding of the dissolved oxygen tension levels in the medium shows that the D.O.T. is 
also rising. Please see figure XXIX below.
This graph is reproduced as a colour plot on page 171.
DOT and P-450IA1
P-450IR1 nmol/g wet weightDOT 7.
3.5-
-14
+/+3 -
-12w
2.5-
-10
1.5-
w
-4
.5 -
12 240 36 7248 60
Time In Hours
P-450 -V-D.0.T.
Figure - XXIX
An example of the D.O.T. effect
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ote that those fermentation parameters which may affect the solubility of oxygen 
in the medium, the availability of oxygen, or else the measurement of the oxygen
iconcentration
•  Agitation Rate
•  Air Flow rate
•  Temperature and
•  pH
were being kept constant throughout this particular experiment .
rJ ,he rise in dissolved oxygen tension in the medium must therefore be some property 
of the medium or of the yeast cells.
rJ 1his rise in the dissolved oxygen tension in the medium occurs at the same time as 
the rise in the concentration of cytochrome P-450IA1 in the yeast cells.
J^J’ote that these rises are being singled out for now but in later pages it will be 
emphasised that the history of the culture is important determining the response 
of the yeast cells to changing levels of oxygen in the medium.
[1] Changes in pH are known to affect the D.O.T. probe readings.
[2] In other experiments the D.O.T. was intentionally changed by either changing the agitation rate or 
else the air flow rate.
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J f  the levels of both cytochrome P-450IA1 and D.O.T. are followed throughout one of 
the experiments which used the anaerobic/aerobic technique, then although quite a 
complex curve results, it can be seen that in general the two curves are similar 
{please see figure 166 below }
This graph is reproduced in colour on page 173 .
P-450IA1 and D.O.T.
P- 450IR1 nmol/g~wet weightD.O.T. '/. (scaled times 50)
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Q—< — I <kxx>oooc> 
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Legend 
P-450 -o-D.O.T.
Figure - XXX
Cytochrome P-450IA1 and D.O.T
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J^im ilarly, in another ferm entation although again the curves for 
cytochrome P-450IA1 content of the yeast cells and the dissolved oxygen tension of 
the medium are complex (because this fermentation like the previous one has been 
deliberately manipulated to by turning the air supply on and off) it can be seen from 
figure XXXI that there is some association between the two.
Cytochrome P-450IA1 and DOT
P-450IR1 nmol/g wet weight DOT '/.
10-
-.6
-.4
4 -
-.2
0 12 24 36 48 60 72
Hours
P-450 -^DOT
Figure - XXXI
Cytochrome P-450IA1 and D.O.T
This graph is reproduced in colour overleaf
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j y ^ o r e  accurate plotting of the readings and the fitting of curves to those readings 
give graphs in which it is easier to see a possible association as shown in figure 
XXXII between the rising level of D.O.T. and the formation of cytochrome P-450IA1.
Cytochrome P-450IA1 and DOT
P~450IR1 nmol/g wet weight DOT V.
12-
-.6
10-
-.4
6-
4 -
-.2
2-
0 12 24 36 48 60 72
Time In Hours
Legend 
-P-450 -»-D0T
Figure - XXXII
Rising D.O.T. and rising P-450IA1
mentioned in a previous section in this chapter, {please see page 133 } the 
instantaneous value of the D.O.T. does fluctuate and so the trend in D.O.T. can most
easily be seen by plotting a line over a much longer period of time - a period of 15
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minutes is ideal and gives rise to a graph, shown in figure xxxiii, in which the two curves 
for dissolved oxygen tension of the medium and the cytochrome P-450IA1 content of 
the yeast cells are shown to follow very similar paths
This graph is also reproduced in colour on page 178.
Cytochrome P-450IA1 and DOT
P- 450IR1 nmol/g wet weight DOT Y.
12-
- 6
10-
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24 48
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Legend
P-450 DOT
Figure - XXXIII
The D.O.T. effect
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7 .5 .2  Cytochrome P-450IA1 decline
J t  is also very interesting to plot the levels of D.O.T. and cytochrome P-450IA1 during 
those hours in which the level of cytochrome P-450IA1 is declining.
p le a s e  see figure XXXIV.
Cytochrome P-450IA1 and DOT
P—450IR1 nmol/g wet weight DOT 7.
10-
-.5
24 48 60
Hours
Figure - XXXIV
Fall in Cytochrome P-450IA1 and D.O.T.
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line drawn through the points to show the trend over a period of time for both the 
dissolved oxygen tension in the medium and also the cytochrome P-450IA1, show 
that in each case the trend of the lines is in the same downward direction.
J n  those fermentation runs in which the cytochrome P-450IA1 shows a gentle decline 
after the peak a very similar slow decline may be found in the dissolved oxygen 
tension as demonstrated in figure XXXV
Cytochrome P-450IA1 Persists
P-450IR1 nmol/g wet weight X DOT
10.8- -3 .6
9.6- -3.2
i.4- - 2.1
7.2- -2.4
- 1.6
3.6- - 1.2
2.4-
1.2 - -.4
0 12 24 36 48 60 72
Time In Hours
Legend 
P-450 -£-D0T
Figure - XXXV
The DOT and P-450IA1 decline gently
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j^ometimes quite a sharp peak of cytochrome P-450IA1 is produced in a fermentation 
run. This is of course most undesirable as it gives a very small window of opportunity 
in which to harvest the yeast so as to obtain the best yield of cytochrome P-450IA1. If 
however the D.O.T. levels for the fermentation are also plotted it can be seen from 
figureXXXVI that they follow the same sharp peak.
P-450 falls as  D.O.T. falls
P—450 nmot/g wetV. D.O.T.
.36-
-10
.32-
.28-
.24-
.2-
.16-
.12-
.08-
.04-
48 60
Hours
Legend
P-450 D.O.T.
Figure - XXXVI
A sharp rise and fall of D.O.T. with P-450IA1
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J n  those experiments in which the amount of dissolved oxygen has been deliberately 
manipulated by turning the air supply off and on again, a series of lines can often be 
plotted to show the various rises and fall in both DOT in the medium and the cytoch­
rome P-450IA1 content of the cells. Please see figure XXXVII
Artificial manipulation of D.O.T. levels
P-450IR1 nmol/g wet weight DOT '/.
10- OO OO
-.6<> o
OO
-.4
4 -
-.2
2-
0 12 24 36 48 60 72
Hours
P-450 D.O.T.
Figure - XXXVII
A manipulated fermentation
^ ^ n e  should perhaps distinguish clearly between those fermentation runs in which 
the dissoved oxygen tension rises and fall as a result of the presence or absence of 
the air supply, (with the cytochrome P-450IA1 content of the cells being therefore
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manipulated in this way — and those in which the fermentation conditions are held 
constant, any rise or fall in D.O.T. being due to the interactions of the cells and the 
medium.
Jporcing one decline in D.O.T. and then another forcing another decline gives the 
result as shown in figure XXXVIII
P-450IA1 and falling D.O.T.
P-450IFI1 nmol/g wet weight X DOT
-LI
10-
- 1.6
-1.4
- 1.2
-.6
-.4
-.2
0 12 24 36 48 60 72
Time In Hours
Legend 
-+- P-450 — DOT
Figure - XXXVIII
Two series of DOT decline
This graph is also shown by a plot in colour on page 184.
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7 .5 .3  The Time required to enable the Anaerobic/Aerobic effect
^ ^ n c e  the anaerobic/aerobic effect had been established in 1986, a series of ex­
perimental fermentation runs were then devised. The purpose of this series of runs 
was to find the minimum period time during which anaerobic conditions must be 
maintained in order that subsequent aerobic conditions will reliably give rise to cytoch­
rome P-450IA1 production.
^^riginally  the fermentation was left overnight without air, this period of time was 
then simply reduced in stages down to about 2 hours. The result of this exercise, 
part of which is printed in table AA, was to show that the effect could still take place 
after as little as 2 hours of anaerobic fermentation but with decreasing reliability, and 
with the resulting peak of cytochrome P-450IA1 becoming very small. With periods of 
less than 2 hours of anaerobic fermentation the effect was not shown in these experi­
ments.
Time Without Air
Hours Typical P-450IA1 peak nmols/g wet weight
5 hours 5 nmol
2 hours 3 nmol
30 min zero P-450 produced
Table - AA
Minimum anaerobic fermentation time
ometimes however, no cytochrome P-450IA1 at all was produced by this method if 
the attempt is made too early in the course of the fermentation. A rough rule quickly 
emerged, that the effect is most apparent after the “normal” production peak of 24 to 
36 hours has passed.
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7 .6  Recovery from Anoxia
picture was now emerging, that the yeast Saccharomyces cerevisiae would produce
cytochrome P-450IA1 if grown within certain levels of oxygen.
•  Too much, or too little oxygen and no cytochrome P-450 is produced
•  once the culture has reached a certain level of maturity, cytochrome P-450 can 
be produced by turning the air off and then on again
•  the period of air being off had to be at least 2 hours
•  that the production of cytochrome P-450 occured at a time when the Dissolved 
Oxygen Tension was rising
•  that the level of cytochrome P-450 declined as the level of D.O.T. in the medium 
declined.
series of experimental fermentation runs was then devised to investigate whether
it is necessary that the culture be grown anaerobically, or whether it is sufficient 
that the oxygen levels are simply brought up from some lower level to some higher value. 
Staying of course within the limits within which cytochrome P-450 is formed at all.
^ J r e a t  care has to be applied in interpreting the results from this series of experi­
ments. This is because one of the ways to set a precise initial D.O.T. level is to keep 
the Air Flow constant and to vary the agitation rate. The changed agitation rate away 
from the “standard” one of 250 RPM used in every other experiment may have the effect 
of making the nutrients more, or less, available; or of breaking up clumps of cells. There 
is a school of thought which points out that the conditions within the centre of a clump 
of cells may be very different to the conditions at the periphery of the clump and so if 
these clumps are broken in one experiment it may not be comparable with another 
experiment.
186
Chapter 7  -  Experimental Results
J^hanging the Air Flow away from the “standard” of 150 cm3 per minute in order to 
achieve a particular inital D.O.T. is less precise and may in any event materially 
alter the conditions in the tank. The rising bubbles of air do themselves have an 
agitation or lifting effect with possibly similar consequences to those mentioned in the 
previous paragraph.
J t  is also conceviable that in describing the conditions as anaerobic or as aerobic one 
is making the assumption that ALL the cells in the culture are in, and remain in, the 
same metabolic state. It could be the case that given a fierce competion for the 
available oxygen that SOME cells manage to continue to respire aerobically while 
others switch to anaerobic fermentation.
rJ ' ,he measurement of the quantity of cytochrome P-450IA1 is of course made on a 
sample drawn from the fermentation tank and is an AVERAGE content across all 
the cells present.
The cells in the sample may variously have been
•  young or old
•  single or in clumps
•  and cells very possibly in quite different metabolic states
J t  may be useful at this point to stress that all the experiments carried out by myself 
were designed to be fixed-point experiments in that the parameters such as RPM 
were set to some value and the computer was required accurately to maintain that 
value for the duration of the fermentation run. If then, the recorded value of the D.O.T. 
varied during the experiment it is the consequence of something which has happened 
in the cells or medium. This experimental design may be contrasted with that of some 
fermentation runs carried out by my colleagues in which a “profile” was used. This
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meant that a value such as RPM may be set to change gradually over a period of perhaps 
some hours, presenting the yeast with a changing set of conditions.
typical experiment design is set out in table AB
Some of the
Sample expts
[30/9/87]
[27/7/87]
[22/7/86]
Table - AB
Varying the RPM or Air Fiow
j ^ o t e  that these changes are a sudden change from one fixed-point to another NOT 
a gradual “profile” change. The effect of these changes would be to make an 
increased amount of oxygen available to the yeast.
rJ 1he results, which are more fully discussed in the conclusions chapter which follows, 
are that it would appear that the level of oxygen does need to be so low as to be 
considered anaerobic and this period without oxygen needs to last for at least one cell 
generation, and that indeed it is the process of recovery from the conditions of anoxia 
which is most likely to lead to formation of cytochrome P-450IA1. In other words it is 
not sufficient simply to have a rising D.O.T. — the history of the culture is important.
langes made to the oxygen supply
RPM changes Air Flow changes
275 RPM to 300 
RPM
100 RPM to 250 
RPM
150 cm to 300 cm
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7 .7  Replacing half the medium with fresh medium
rJ 1wo versions of this idea have been tried
•  a) I\vo litres of medium and suspended cells are drawn off and two litres of 
fresh medium replaced.
•  b) Two litres of medium and suspended cells are drawn off, the cells are spun 
down and replaced along with two litres of fresh medium. The idea was to 
maintain the culture in an exponential growth phase instead of allowing it to 
become old.
These experiments have not given any increase of cytochrome P-450IA1 over 
a normal run, but the idea did seem worth trying
7 .8  D.O.T concentrations to preserve Cytochrome P-450IA1
rJ 1he exploration of the ideal dissolved oxygen concentration for the production and 
that for the preservation of cytochrome P-450IA1 became complicated by the 
discovery of the effects extensively covered elsewhere in this Thesis {please see page 
168 for details of the effects of anaerobic followed by aerobic conditions.}
o simple, single, ideal concentration of dissolved oxygen for the preservation of 
cytochrome P-450IA1 can be recommended except to say that the culture should 
be kept within the known band of concentrations of oxygen in which formation is 
possible.
7 .9  The use of Chill-down to preserve Cytochrome P-450IA1
J n  order to preserve the cytochrome P-450IA1 levels overnight the temperature was 
lowered in some experiments to about 12 -13 °C. This process seems to be successful 
in preserving the existing levels and is particularly useful if a colleague wants to harvest 
the cells for their cytochrome P-450IA1 content the next day.
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7 .1 0  Biom ass peak
rJ 1hroughout the whole series of experiments carried out in the 5 litre fermenter tank 
it was found the biomass rose rapidly during the period of exponential growth to an 
ill-defined maximun value and then proceeded to decline slowly over the next few days.
___ <5
rJ 1his gradual loss of biomass after the maximum is plotted as a TREND in figure 
XXXIX overleaf.
J t  was considered that the timing of the biomass maxima may possibly provide a 
reliable guide to the subsequent occurrence of the cytochrome P-450IA1 peak. 
However the timing of the biomass maximum and the rate of decline after the peak did 
not prove to be any any use in predicting the best time to harvest the cells so as to gain 
the largest yield of cytochrome P-450IA1.
[3] The gaps in the data points occur during the night period when it was not possible to take readings 
from this experiment. However many of the experiments were indeed sampled hourly over a number 
of days. This allowed a greater degree of certainty in fixing the line to show the course of the 
fermentation.
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Biomass
Biomass g- wet welght/L
-tflj----
40 -
30 -
20-
10-
24 36
Time In Hours
48 7260
Legend 
-s -  Biomass
Figure - XXXIX
The TREND in Biomass decline
^ ^no ther example is shown overleaf.
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Biomass
Biomass g wet weight /  L itre
100-
Exponential90-
growth phase
80 -
7 0 -
6 0 - NOTE ! that an apparently stationary growth 
phase does NOT mean that no new cells are 
being produced — only that the overall biomass 
is not increasing.
5 0 -
40 -
30 -
20-
10-
48 72
Time In Hours
Legend 
-B- Biomass
Figure - XL
Biomass production
J t  would be wrong to assume that during the slow decline in the biomass than no new 
production of cells is taking place. The yeast cells are easily examined under the light 
microscope and can be seen to be actively budding. It is simply that the overall biomass 
is declining, that is the rate of production of new cells and the increase in size of these 
new cells is not compensating for the rate of loss of other cells.
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7 .1 0 .1  The age of the culture
J t  is interesting to speculate whether samples of cells taken at different times during 
the course of a fermentation would have the same proportion of young and old cells.
'^ a r io u s  attempts to count the number of cells with buds 4 and to estimate the average 
size of the cells by direct measurement under the light microscope were made. This 
was done to explore the concept of what is meant by a “young” or “old” yeast culture. 
Can the age of a particular culture be described in hours, or would the number of 
cell-cycles be a better measurement.
J t  was thought conceviable that cytochrome P-450IA1 may be produced more readily 
during one part of the growth of a particular cell than at another stage. The reading 
obtained for the sample was, as previously mentioned, of course an average for all the 
cells present.
^ J te m p ts  to separate large cells from small ones by gentle centifugation, natural 
sedimentation on standing, or by bouyancy were abandoned because of the very 
labile nature of the cytochrome P-450IA1 content to any sort of rough treatment.
correlation of the number of cells with buds with cytochrome P-450IA1 content 
of that sample could be found, but as the measurments were, in the absence of a 
cell counter, painstakingly made by hand, the probability of operator error was too 
great to be able to say that no such correlation exists.
[4] A count of the number of the number of bud-scars per yeast cell is best done under the electron 
microscope.
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7 .1 1  Carbon dioxide peak
rJ 1he evolution of carbon dioxide or the demand for alkali may form a good guide to 
the P-450IA1 peak. In general the cytochrome P-450IA1 peak seems to occur 
shortly after the rate of carbon dioxide evolution plunges downward as demonstrated 
in figure xli.
D.O.T. and Carbon dioxide in exhaust gases  
Only the first 38 hours are plotted
D.O.T. '/. (scaled times 50) Carbon dioxide /
40 - -40
30 - -30
20- -20
10- -10
Q-j 'yyyvvyyyyy 
0 12 3624 48 60 72
Time In Hours
Legend 
-*-C02 D.O.T.
Figure - XLI
CO2 and D.O.T
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rJ 1he release of carbon dioxide may have a relationship with the demand for alkali 
which is required to keep the medium at the set pH. However, the exact shape of 
the demand for alkali curve did vary considerably from fermentation to fermentation. 
One particular result is used as an example in figure xlii. The demand for alkali is futher 
explored in the section beginning on page 145 q.v.
Alkali used & Carbon Dioxide released
moles o f NaOH used per hour V. Carbon Dioxide.06-
.054- -27
.048- -24
.042- -21
.036- -18
.03- -15
.024- -12
.018-
.012-
.006-
24 48 60
Hours
Legend
NoOH C02
Figure - XLII
Carbon dioxide and the demand for alkali
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J ^ o t e  that in this particular fermentation the second small peaks in both the CO2 
released and the demand for alkali were caused by manipulation of the experiment 
in the later stages, and would not normally occur.
^^arbon  dioxide readings are given as the percentage in the exhaust gas, a sample of 
which is passed into the carbon dioxide analyser which has its own pump to draw 
the gases through itself and also the oxygen analyser.
J n  using figures from the carbon dioxide analyser, it must be remenbered that the 
full-scale deflection of the machine is 20% CO2 and that the exhaust gases are passed 
through a 1 metre long tube containing silica gel (to dry the gases) and so this passage 
through the tube introduces a delay, in the order of 10 minutes, before a sample leaving 
the fermenter tank is read by the analyser.
J Jo w e v e r care must be taken in any attempt to calculate mass balances from these 
figures as the volume of the exhaust gas is not routinely measured in each experi­
ment (but was measured from time to time), and cannot be assumed to be the same as 
the flow rate of the inlet air
[1] A pump in the oxygen analyser which is on the same gas line actually draws off a sample of the 
exhaust gases through both analysers. As memtioned previously, it was found in practice that care 
must be taken to set the rate of pumping to the same for each experiment as the readings produced 
were actually found to vary slightly with the rate of gas throughout —it should not, but it d id ! The 
solution is to set the meters using the calibration gases and keep to the same rate of pumping.
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7 .1 2  The correlation of P-450IA1 production with ethanol
typical rate of production of ethanol during the course of the fermentation is shown 
in the following graph {please see figure XLIII below}.
The production of Ethanol
Ethanol In g 7.
6-
4 -
24 6048
Time In hours
Legend
Ethanol
Figure-XLIII
Typical rate of ethanol production
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fine association of ethanol production co-incidental with cytochrome P-450IA1 
production can easily be shown. This association and that of higher alcohols has 
been the subject of much research work by colleagues and other workers.
r J 1he association of cytochrome P-450IA1 production at the same time as the level of 
ethanol is rising is shown in figure XLIV.
Cytochrome P-450IA1 and Ethanol
P- 450Ifll nmol/g wet weight '/. Ethanol w/w
10.8-
9.6-
S.4-
7.2-
3 .6-
2.4-
1.2-
0 12 24 36 48 60 72
Time In Hours
Legend 
P-450 -X- Ethanol
Figure - XLIV
Ethanol and cytochrome P-450IA1
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Jj^or clarity, the graph on the preceeding page is re-drawn to show only the data points 
in figure XLV below :-
and is further shown as a plot in colour on page 201.
12-
Cytochrome P-450IA1 and Ethanol
P-450IR1 nmol/g wet weight •/ Ethanol w/w
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Figure-XLV
Ethanol and cytochrome P-450IA1 data points
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7 .1 3  Studies on the flocculation of yeast
(^amples of 50 cm3 of cells and medium were withdrawn from the fermentation tank 
at intervals without the run. As the agitator in the tank was running until a few 
moments before the sample was extracted the sample may be considered as repre­
sentative of the contents of the tank.
rJ 1he cytochrome P-450IA1 content of the cells in this sample was determined in the 
usual manner.
rJ 1he sample was then allowed to settle in a boiling tube at room temperature, or in a 
water-bath at 37 ° C in some experiments, and undisturbed for a number of minutes 
— usually up to 30 minutes. Some of the cells quickly settle to the bottom of the boiling 
tube.
rJ ,he number of cells settling within a given time depend on the tendency of the cells 
to form clusters. This tendency to flocculate under certain conditions has been the 
subject of much research and is prevalent more in some strains of yeast than in others.
J n  our laboratory over a number of years a tendency to flocculate in the yeast that we 
were using was noticed from time to time. Our attention was drawn to this because 
in a few extreme cases the yeast cells would settle in the cuvette during the cytoch­
rome P-450IA1 measurement — causing much grief !
J  do not intend to comment extensively on the subject of flocculation expect to report 
what may be a interesting result.
^ y y h en the cytochrome P-450IA1 contents of the cells which had settled and those 
remaining suspended in the medium were measured {please see table AC } — 
there was significantly more cytochrome-450IAl in the cells which had settled than 
was in the cells in the original sample (which was of course an average of all cells), 
and far more than in those cells which had stayed suspended.
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rJ 1his technique which involves considerable changes away from the ideal conditions 
in the fermenter tank, did however lead to a small overall loss of cytochrome P- 
450IA1 that is the losses of those suspended in the medium did not compensate for the 
gain of those in the sludge at the bottom.
Flocculation experiments
Original
sample
Flocculated
cells
Cells still in 
suspension
P-450IA1 in nmol/ g wet weight
5.93 7.25 3.29
4.83 5.49 1.75
6.59 6.81 1.97
Page 1
NOTE ! The values quoted for the suspended cells and the 
flocculated cells cannot be expected to add up to the the value 
of the original sample — because there was not an equal division 
of the biomass between the flock and the suspension.
(Apart from this there was a small overall loss of P-450IA1)
Table - AC
Flocculation experiments
^ ^ f  course an equal wet weight of each was taken by spinning down the cells still 
suspended in the medium and treating both samples exactly as if they were routine 
samples from the fermenter — a process we have carried out many hundreds of times 
and can therefore be confident of fair treatment to each sample.
fJ ,he sludge in the bottom of the boiling tube was resuspended in distilled water and 
then spun down again in order to obtain the wet weight to calculate the correct 
dilution of the biomass. This was necessary to ensure that the sample when through a
203
Chapter 7  -  Experimental Results
centrifugation step. Apart from the extra re-suspension, it should have been treated in 
exactly the same way as any other routine cytochrome P-450 measurement.
J^ o u ld  perhaps the cytochrome P-450IA1 have been formed in-situ in the bottom of 
the boiling tube? The conditions for the cells there would be remarkably different 
from those suspended in the rest of the medium. The boiling tubes were indeed left for 
10 to 30 minutes so it is conceviable that synthesis could take place in the time available.
^ ^ n  alternative explanation is that we had selected the cells which contained more of 
the cytochrome P-450IA1 than other cells on the basis of their tendency to gather 
into clusters. Perhaps a useful technique if it is true.
JM ght microscope observations confrimed that we did in fact have regular whole cells 
in the suspension and not just cell debrit.
J t  was most frustrating not to be able to gather more evidence because in subsequent 
fermentations the yeast cells simply refused to sediment and stayed suspended in the 
medium — which for all other purposes is most convenient.
^^ttem pts to induce flocculation in the strain by adding Calcium ions to the boiling 
tube or by growing the yeast in shake flasks in the presence of EDTA led only to 
drastic loss of the cytochrome P-450IA1.
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7 .1 4  Shake flask experiments
The different series of experiments, carried out over a number of years, using shakes 
flasks were designed to accomplish three main purposes :-
•  a) To take quantities of medium and cells from the fermentation tank at 
intervals and to continue the fermentation in a series of shake flasks so as to 
be able compare the outcome in the shake flasks with that of the fermenter 
tank.
Gare must of course be exercised in interpreting the results because the taking 
of large volumes of cells and medium does alter the conditions for the fluid 
remaining in the tank.
•  b) A completely separate series of experiments involved the complete fermen­
tation being carried out in shake flasks. This gave a useful point of reference 
to the results obtained by other researchers whose work was most related to 
shake flasks rather than computer-controlled fermenters.
^^11 shake flasks in this series contained 20% glucose as the initial concentra­
tion.
In order to obtain near anaerobic conditions in the shake flasks use was made 
of Air Locks (Obtained from Boots the Chemist who sell Home Brewing 
Supplies) containing distilled water to exclude most of the atmospheric oxygen 
from the shake flasks.
cylinder of gaseous nitrogen was also available for purging the flask when 
necessary.
^^erob ic  conditions were deemed to exist when the shake flask is closed at 
the top but a porous plug.
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J n  the early years this plug was made from cotton wool but was later replaced 
by a foam plug which could be sterilised.
T h e  earlier results obtained from using the cotton 
wool plug and the later results from the foam 
plug in the shake flasks appeared to be identical 
and both can be included.
•  c) Shake flasks were used extensively to investigate the possible occurrence of 
cytochrome P-450 in yeast species other than Saccharomyces cerevisiae 
The reason for the use of shake flask in this case was so as to be able to cover 
as a number of species with as many combinations of conditions as possible 
{please see table AD }. A task which would have been less effectively carried 
out if use had been made of the main fermenter. The usual rate at which 
experiments could be conducted in the 5 Litre fermenter was at a maximum of 
two per week. This is mainly because of the time which has to taken each time 
to thoroughly clean and sterilise every part — not to mention the cost of the 
materials.
J J a v in g  extolled the virtues of shake flask work, emphasis must be made on the fact 
that the main thrust of this Thesis comes directly from the many computer-control­
led fermentation runs carried out using the 5 Litre tank — and the success of the work 
relied heavily on being able to draw numerous samples from the tank — and to do so 
over a 24 period.
[2] It it a credit to my colleagues that good team effort did in fact allow us to cover the 24 period on many 
experiments.
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rJ 1he shake flasks in my experiments did indeed produce biomass and P-450 to order 
very much as reported by numerous other workers in the field. The experiments 
served as a very useful cross-check that our laboratory was on a par with others.
p r e c i s e  computer-control of the conditions is however absolutely vital to a proper 
investigation of the effect of dissolved oxygen on the production (or the loss of -) 
cytochrome P-450IA1.
rJ 1he use of the Air Locks on the shake flasks to give near anaerobic conditions was 
interesting, but is really far too imprecise a method of determining the dissolved 
oxygen concentration.
^ J th e r  yeasts and Strains other than Saccharomyces cerevisiae NCYC 754 may well 
behave in a completely different manner when subjected to the “standard” 
concentrations and set-point parameters used in the shake flasks and in the fermenter 
tank majority of these experiments.
rJ ,able AD givesthe results for some of the investigations. The results indicate that a 
complete series of trials is really required for each yeast and each strain of yeast in 
order to determine the optimum set of conditions for the strain . This would require 
an enormous number of experiments and expense: hence the work being done by Surrey 
colleagues on methods of quickly determining the optimum set of conditions could 
be of considerable commercial value to industry.
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Various strains of yeast grown in 20% glucose
Schizosaccharomyces pomhe
NCYC
Strain number
P-450
found
P-420
present
132 none
380 none yes
936 small yes large
Saccharomyces cerevisiae 
var ellipsodeus
365 none yes
506 small yes large
Biomass and ethanol production figures were also recorded
NOTE ! The table gives as an example the results obtained for a 
particular set of timings and conditions under which the yeasts were 
cultivated on that occassion to see whether they would produce 
cytochrome P-450. It cannot be taken as a definative account of the 
likelyhood of cytochrome P-450 production under other conditions.
Table-AD
Investigations on various strains
great deal of work is also being undertaken at Surrey on investigations into the 
production of cytochrome P-450 by genetically engineered strains of these yeasts.
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7 .1 5  The production of P-450IA1 in quantity
j^jome fermentation runs were intended as production runs in order to make enough 
cytochrome P-450IA1 for the cells to be worth harvesting for down-steam process­
ing to extract the cytochrome P-450IA1 which was required in quantities by my col­
leagues for their own work. The main purpose of these runs was therefore to produce 
as much Cytochrome P-450IA1 as possible for harvesting — rather than as in the 
majority of the fermentation runs to experiment on the conditions under which it may 
be formed or lost.
ome fermentation runs were intended as production runs from the beginning so that 
the set of medium concentrations and fermentation tank conditions believed to be 
the ideal for producing the best yeild were employed. The concept of just what was the 
best set of concentrations and conditions did of course change over the years in the 
light of new knowledge.
^ ^ 'h e n e v e r an excellent yield of cytochrome P-450IA1 was produced “by accident” 
by an experimental run a tough decision had to be made whether to harvest it or 
to experiment on it further to investigate the conditions under which it may be lost.
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We were most fortunate in having such a wide period of time in the fermentation 
shown in figure XLVI during which to harvest the cells and be able to obtain a 
good yield of cytochrome P-450IA1.
Cytochrome P-450IA1 and Biomass
P-450IR1 nmol/ g wet weight Biomass g wet weight /L itr e
•100
-90
10-
-80
-70
Window of 
opportunity -60
-50
-40
-30
-20
-10
0 12 24 36 48 60 72
Time In Hours
Legend 
—I— P-450 -O-Biomass
Figure - XLVI
Production of cytochrome P-450IA1
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rJ 1o be able to regularly produce cytochrome P-450IA1 in quantity required one to
•  Know how to produce a good biomass (this is quite easy)
•  Know how to persuade the yeast cells to produce a good yield of 
cytochrome P-450IA1.
•  Know how to determine when the best time to harvest has arrived
•  Know how to preserve a high level of cytochrome P-450IA1 in the yeast cells 
(still in the fermenter tank) for a long period.
•  Know how to extract and perserve the cytochrome from destruction by the 
rough conditions met with during the extraction process
211
Chapter 1 - Experimental Results
7 .1 6  Glucose Feeding Experiments
y ^ u rin g  a normal fermentation in the 5 litre tank the utilisation of glucose follows a 
path typical of the curve given in figure XLVIII
Glucose concentration
Glucose In g /
18 -
16 -
12-
10-
6-
2-
24 48 60 72
Time In hours
Legend 
-ffl- Glucose
Figure - XLVII
Typical glucose - without feeding
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r J 1he utilisation of glucose may be usefully compared with the increase in biomass as 
shown in figure XLVIII.
Biomass and Glucose
Biomass g wet weight /  L itre Glucose mmole/L •1200100
90 -
80 - -960
70 - -840
60 - -720
50 - -600
4 0 - -480
30 - -360
20 - -240
10- -120
0 12 24 36 6048 72
Time In Hours
Legend 
-B- Biomass -a- Glucose
Figure - XLVIII
Typical utilisation of glucose
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rJ 'h e  relationship btween the concentration of glucose and the production of cytoch­
rome P-450IA1 is shown in figure IL
Cytochrome P-450IA1 and Glucose
P“450IR1 nmol/g wet weight Glucose mmole/L ■1200
10.8- -1080
9.6- -960
i.4- -840
7.2- -720
-600
-480
3.6- -360
2.4- -240
1.2 - -120
0 12 3624 48 60 72
Time In Hours
Legend 
—t- P-450 -B- Glucose
Figure - IL
Glucose and Cytochrome P-450IA1
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^ ^ f te r  a fermentation run had reached its end and the glucose had fallen tonear zero, 
further glucose was added. Usually, 200 g of glucose were dissolved in 500 cm of 
distilled water, sterilised in the usual manner, then added in bulk to the 4 dm of 
medium present in the tank1. (Compare controlled feeding which keeps the glucose 
level constant). This now produced a glucose concentration of 4.4%. (The original 
glucose concentration was 14%)
worthwhile extra production of cytochrome P-450IA1 
has been achieved by feeding glucose during the run. 
However, it is possible that controlled glucose feeding may 
be worthwhile in producing biomass and the method 
should be considered further.
J t  was hoped that by supplying glucose to an old culture would be stimulated into 
further growth of biomass and may perhaps produce further P-450IA1. However the 
cultures were of course old and toxins such as ethanol have accumulated, and possibly 
the other constituents of the medium have become limiting.
fJ 1he experiments were of course a single glucose feed at a particular point in the 
fermentation and it could be that a continuous, controlled, glucose feed would 
have different results.
J n  Industrial yeast biomass production the fed-batch process is important. Many 
elegant computer control systems exist for making economic use of the medium.
[1] N.B. this gives a final volume of 4.5 dm  ^and the biomass readings were corrected accordingly.
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^ ^ ls o  of interest are the medium replacement experiments detailed on page 189.
7 .1 7  The shape of the curve obtained in the P-450IA1 assay
" ^ f h e n  the height of the peak at 450 nm is plotted against the size of the dip in the 
curve at 410 nm a linear relationship is produced up to the time of the P-450 peak. 
(There may also be a similar linear relationship after the occurrence of the P-450 peak, 
but of course comparatively few readings have been taken when the P-450IA1 is 
decaying.)
J n  order to investigate possible connections between the peaks at 450 nm, 420 nm and 
the dip at 410 nm various measurements were made on the chart recording from the 
P-450IA1 assay. The BASE LINE is obtained by scanning from approx. 390 nm to 
500 nm BEFORE the carbon monoxide is passed. The second line is obtained by the 
same scan AFTER the carbon monoxide is passed. The measurements refer to the 
distances between these two lines as measured in millimetres on the paper chart.
rJ 1he measurements made were :-
•  a) the depth of the trough at 410 nm
•  b) the difference at 420 nm (ie the extra height due to P-420-CO )
•  c) the height of P-420-CO peak above the bottom of the trough
•  d) the size of the cytochrome P-450IA1 peak
^ ^ h e n  these various measurements are plotted, there appears to be a linear relation­
ship between the size of the trough at 410 nm and the P-450IA1 peak. This 
relationship is valid during the build up to the cytochrome P-450IA1 peak.
rJ 1he actual measurements are shown in table AE and plotted inthe graph drawn in 
figure L two pages hence.
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Measurements taken from the paper chart
Hours 410 nm Trough size P-450IA1 size
13.5 10 19
14 14 29
15.5 26 35
16 33 43
16.5 28 44
20 31 60
20.34 50 59
21 41 55
21.5 50 66
22.25 46 75
22.75 72 100
23 73 101
23.25 67 89
23.75 75 102
24 82 105
24.5 46 62
38.5 99 124
39.25 104 120
40 91 127
(Measurements in millimetres)
Table-AE
Measurements
plot of these measurements against time is shown in figure L. This gives an 
indication that there is some association between the two measurements for size of 
cytochrome P-450IA1 peak and the size to the 410 nm trough.
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The Trough at 410 nm
mm on paper chart
120—
100-
60-
40-
20 -
0 12 24 36
Hours
Trough —'— P~450
Figure - L
The trough at 410
l^ o  far the two reading have each been plotted against time. If now the two measure­
ments are plotted against each other they are found to lie on a straight line — the 
result is shown in figure LI overleaf.
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A plot of the 41 Onm trough against 
the peak at 450nm
410nm trough In mm
130-
120-
110-
100-
90 -
80 -
70-
60-
5 0 -
4 0 -
3 0 -
20-
10-
10 30 50 90 100 110 120 1300 20 40 60 70 80
P-450 peak measured In mm on the paper chart
Figure - LI
A plot of 41 Onm against 450nm
^ ^ n c e  the P-450IA1 peak is reached and the cytochrome P-450IA1 level starts to 
decline then there is still be a linear relationship, but displaced from the first line.
rJ 1he cytochrome P-450IA1 level tended in some (but by no means all) experiments to 
drop very quickly, hence comparatively fewer readings were ever taken on this side 
of the curve.
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y ^ lso  of course the yeast was often harvested near the peak of cytochrome P-450IA1 
production which again means that in general fewer readings are available on the 
downside of the cytochrome P-450IA1 curve.
rJ 1he numerical difference between the 410nm and the 450nm measurement may also 
be expressed as a series of HI-LO bars as shown in figure LII which shows that 
although the value of each is growing the differences between the two are similar.
A plot of the 41 Onm trough against 
the peak at 450nm
D ifferences In millimetres130
120-
110-
100-
90-
80 -
7 0 -
60-
50 -
40-
30-
20-
10-
Tlme sca le  o f successive readings
Figure - LII
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"^y^hen the same lines are drawn for the rising and falling cytochrome P-450IA1 levels 
then two separate series result — as shown in figure LIII.
A plot of the 41 Onm trough against 
the peak at 450nm 
When the P-450 is rising or falling
410nm trough In mm
130
120-
110-
100-
90 -
8 0 -
70 -
6 0 -
50-
40-
30 -
20-
10-
0 10 20 4030 50 60 70 80 90 100 110 120 130
P-450 peak measured In mm on the paper chart
Legend 
-S-RISING -X-DECLINING
Figure - LIII
Two series of lines result when 41 Onm is plotted against 
450nm for both rising and fallln P-450IA1
Conclusions
^ y y h en  the level of P-450IA1 is plotted against the size of the trough at 410 nm and a 
linear relationship is obtained, it would suggest that a molecule which was absorb­
ing at 410 nm in its native state then absorbs at 450 nm after combination with carbon 
monoxide.
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7.18
7.18.1
The demand for Oxygen 
Initial demand
the yeast inoculum is added to the fermentation tank the Dissovled Oxygen 
Tension falls rapidly as shown in figure LIV — usually well within a period of some 
30 minutes — to a low level, indicating that the yeast is active.
initial demand for oxygen
y. DOT
4 -
3 .5-
2 .5-
2-
1.5-
.5 -
0 5 10 15 20
MINUTES
Legend
-©-DOT
Figure - LIV
The fall in D.O.T. on adding yeast
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JJo w ev e r, in some experiments the Dissolved Oxygen Tension fell rather more slowly 
on the addition of the standard lOg wet weight of yeast inoculum. This indicated 
that the yeast obtained from the particular set of shake flasks and agar-slope was not 
as active as was the case in other runs.
^ ^ s  always in these experiments there is a great interest in being able to compare the 
results from one fermentation run with the results from another. The readings of 
biomass and cytochrome P-450IA1 and the other parameters are invariably quoted in 
terms of hours or minutes since the time when the yeast inoculum was added to the 
medium. Obviously, it is difficult to compare the results from a fermentation run which 
is some hours ahead of another.
^ ^ n  important question therefore is whether this “slow start” makes any real 
difference to the final outcome — a “slow start” could well be an indication that 
the yeast culture is unhealthy, or it could simply be the case that one yeast inoculum is 
less active than another because of (unintended) different conditions in the shake flasks 
used to prepare the inoculum.
Jpermentations which were treated in the same way but which had varying rates of the 
initial demand for oxygen on adding the yeast inoculum to the tank were compared 
by noting the maximum level of cytochrome P-450IA1 obtained at any time in the course 
of the fermentation.
sample of the comparisons made between fermentations in which the set-point 
conditions and subsequent treatment where much ithe same is given in table AF.
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The outcome for fast and slow starting fermentations
A Sample of 
the
experiments
compared
Time for the 
DOT to fall to 
some arbitary 
low level
Biomass 
produced 
g wet
weight/dm3
Cytochrome 
P-450IA1 
produced 
nmol/g wet 
weight
[7/4/86] 15 Minutes 44 g 11 nmol
[8/7/85] 55 Minutes 26 g 4 nmol
[19/8/85] 1 V2 Hours 52 g 11 nmol
[29/7/85] 9 Hours 40 g 12 nmol
[24/7/85] 9 V2 Hours 40 g 12 nmol
page 1
Table - AF
The Initial demand for oxygen
Com paring the results of many experiments in which 
there was a either fast or a slow start to the 
fermentation — as measured by the initial demand for 
oxygen — leads to the conclusion that although the timings 
and quantities of biomass and cytochrome P-450IA1 
produced in different experiments varied, the final 
outcomes may be compared without regard to the speed of 
the start.
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Demand for oxygen when yeast is added
7. D.O.T.
100-
9 0 -
80 -
70 -
6 0 -
50-
4 0 -
30 -
20-
10-
60
Tune In Minutes
12090
Legend
&-D0T
Figure - LV
A further example of the initial demand for oxygen
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7.18.1.1 Medium stabilisation
J n  a few of the early fermentation runs the medium was allowed to reach oxygen 
saturation and the set-point temperature and pH levels by running the apparatus 
some about an hour before adding the yeast inoculum. The purpose of this approach 
was to establish whether having a stable environment as the yeast was added made any 
difference to the outcome.
Allowing the medium to stabilise did not make any 
apparent difference at all to the outcome.
^J^part from having no apparent benefit it was feared that by doing this contaminating 
organisms could gain a hold in the medium and so the practice was discontinued
7 .1 8 .2  The demand for oxygen later in the fermentation
J t  maybe possible to obtain an indication of the activity of the yeast culture at various 
stages in the fermentation by turning off the air supply for a short while and 
measuring the resulting plunge in DOT as the yeast uses the remaining oxygen in the 
medium. The the time period of this technique is kept in the order of minutes and it 
does not seem to materially alter the outcome of the fermentation.
^ ^ n  example of measuring this demand for oxygen at some particular point in the 
fermentation (at 25 hours in this case) is given in figure LVI overleaf.
[2] Contamination was however in any case a rare event in these fermentation runs— the sterilising 
routines seemed to be effective. Checks were made routinely by smell and light microscope 
observations for the presence of other organisms.
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The demand for oxygen
V. D.O.T..25-
.225-
.2-
.175-
.15-
.125-
.1-
.075-
.05-
.025-
5 200 10 15
Minutes since a ir  turned o f f
Figure - LVI
The demand for oxygen
an alternative to turning off the air pump, the air supply can be replaced by an 
equivalent supply of nitrogen gas. This keeps the same rate of bubbling in the tank.
J f  the exhaust gases are being monitored for oxygen and carbon dioxide concentration 
— as they usually were — then care must be taken to note the interuption caused by 
this technique .
[3] NOTE! The x-axis of these graphs is in MINUTES rather than hours
228
Chapter 7 - Experimental Results
J f  this technique is to be used as an effective way of comparing the activity of the 
culture at different times in the course of the fermentation, and also for making 
comparisons between different fermentation runs, then it would be better to quote the 
plunge in DOT as a percentage of the highest reading taken during the period of 
measurement. Please see figure LVII for an example of this way of presenting the data.
The demand for oxygen
Expressed as a percentage o f the h ighest reading
100-
90-
80-
70-
6 0 -
50-
40 -
30 -
20-
10-
0 5 15 2010
Minutes since a ir  turned o f f
Figure - LVII
The demand for oxygen expressed as a percentage
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(^jimilarly, in another fermentation run (also 25 hours after the start) the demand for 
oxygen is measured as shown in figure LVIII
The demand for oyxgen 
25 Hours into the run
y. DOT
1.6 -
1.4-
1.2-
.6-
.4 -
.2-
300 5 10 15 20 25 35 40
MINUTES since a ir  turned o f f
Figure - LVIII
The oxygen demand at a particular point in the 
fermentation
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this too can be expressed as a percentage to allow easier comparison
The demand for oyxgen 
25 Hours into the run
Expressed as a percentage o f the h ighest reading
100-
9 0 -
8 0 -
7 0 -
60-
50-
30-
20-
10-
O - f -
350 5 10 15 20 25 30 40
MINUTES sin ce a ir  turned o f f
Figure - LIX
— As a percentage
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7 .1 8  The demand for Alkali
(podium hydroxide solution is pumped into the fermentation tank under computer 
control whenever the pH needs to be raised to regain the set-point. Similarly, 
hydrochloric acid is used to lower the pH. In practice it is found that the main demand 
is for alkali and very little of the acid is used. TWo concentrations of sodium hydroxide 
have routinely been used — 4 Molar or 1 Molar.
rJ ' ,he advantage of using the 1 Molar solution is that it gives the computer a finer 
control over the pH, the disadvantage is that in some cases a large volume of liquid 
is pumped into the tank — effectively diluting the rest of the medium.
J n  the majority of experiments the 4 molar option was used and only seldomly did wide 
swings in pH take place.
r£ 1he demand for alkali during the course of the fermentation was routinely recorded 
so that I could examine any possible connection between the demand for alkali at 
some particular time and the other events in the fermentation such as the production 
of cytochrome P-450IA1 or biomass.
7 .1 8 .1  Measurement of alkali demand
J w o  methods of recording the alkali and acid usage were available.
•  a) Manually reading the amount remaining in the storage containers from 
which the alkali and acid were being pumped.
•  b) A pressure transducer measured the remaining head of alkali and the signals 
from this transducer were captured by the computer.
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J Jo w e v e r in practice the transducer was affected by stray vibrations in the laboratory 
— in spite of being mounted on rubber dampers. This meant that the recordings 
from in were treated with suspicion and abandoned in favour of the manual readings1.
[1] It might have been thought possible to monitor the demand for alkali by counting the number of 
times that the alkali pump is operated and the length of time it was pumping. This does not give an 
accurate reading because the head of liquid supplying the pump changes and so the volumes pumped 
at different times are not equal. A precise flow-meter was not available.
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example of an alkali demand curve is drawn in figure LX below
The demand for Alkali
moles o f NaOH used per hour
.06-
.054-
.048-
.042-
.036-
.03-
.024-
.018-
.012-
.006-
0 12 24 36 48 60 72
Hours
Legend 
- a-NaOH
Figure - LX
Alkali demand
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^ j,iv en  the great interest in Dissolved Oxygen Tensions in these experiments one must 
of course check for any correlation between DOT and alkali demand. A sample 
plot is shown in figure LXI
Alkali used & D.O.T.
moles o f NaOH used per hour '/. D.O.T.
.06-
.054- -.9
.048-
.042- -.7
.036- -.6
.03- -.5
.024- -.4
.018- -.3
.012- -.2
.006- -.1
Hours
Legend
DOTNaOH
Figure - LXI
How does the changing Alkali demand compare with 
changes in D.O.T. ?
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of course the essential comparison between alkali demand and the arrival of 
cytochrome P-450IA1 as shown in figure LXII.
P-450 produced and alkali being used
moles o f NaOH used per hournmol/g wet weight
-.04
10.8- -.036
9.6- -.032
S.4- -.028
7.2- -.024
-.02
-.016
3.6- -.012
2.4- -.008
1.2- -.004
0 12 24 36 48 60 72
Hours
Legend 
- a-N aOH -4- P-450
Figure - LXII
Cytochrome P-450IA1 and Alkali demand
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J n  general the demand for alkali seems to lead in time the peak of cytochrome P- 
450IA1 production as further illustrated in figure LXIII
- 2  
-.18 
-.16 
-.14 
-.12 
-.1 
-.08  
-.06 
-.04 
-.02 
-0
0 12 24 36 48 60 72
Hours
Legend 
-+- P-450  NaOH
Figure - LXIII
Alkali demand and Cytochrome P-450 production
Cytochrome P-450IA1 and Alkali dem and
P-450IR1 nmol/g wet weight moles o f  NaOH used per hour
10-
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Chapter 8 - Conclusions
8 .1  The effect of oxygen on cytochrome P-450IA1
J t  is clear from the work of many other workers in this field that cytochrome-P450 will 
be produced by Saccharomyces cerevisiae grown in high1 glucose concentrations only 
when the concentration of dissolved oxygen in the medium lies between certain limits, 
and that above and below these limits cytochrome P-450 will either not be produced or 
will be rapidly destroyed.
^JUie next point to be considered is that when such a fermentation in either a shake 
flask or a 5 litre tank is allowed to proceed at a steady rate then it is well established 
that cytochrome P-450 will rise after a number of hours to some peak value and 
thereafter decline to zero or to some small value.
J n  some of the early experiments in this work it was noticed that the 
cytochrome P-450IA1 we produced would often persist for much longer than was 
expected from the reports of other workers in the field. This gave rise to an interest 
not just in the production of the cytochrome but also in the conditions under which it 
may be lost.
rJ 1he anaerobic/aerobic effect demonstrated in this work in 1986 showed that it was 
not simply a matter of finding an ideal dissolved oxygen concentration for the 
production and preservation of cytochrome P-450IA1 but rather that the previous 
treatment of the culture was very important in establishing its present response to the 
presence of oxygen.
[1] High glucose can be taken to mean either 14 or 20 %
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J n  particular it was established that where the yeast was recovering from a period of 
anoxia then the presence of oxygen would be associated with the production of 
cytochrome P-450IA1.
Jpurther experiments quickly established that this is the case even if some cytoch­
rome P-450IA1 is already present in the cells.
J n  this context it was interesting to then find that an American company 
(ELI LILLY 1985) had taken out a patent ( a year earlier) on this very technique of 
subjecting a microorganism to alternate periods of anaerobic and aerobic conditions 
in order to produce a product.
Jj^urther experimental results showed that the length of the periods of anoxia and 
subsequent aeration were important, as was the timing of them in the fermentation.
JY Jan y  experiments were then being “controlled” in that the oxygen levels in the 
medium were experimentally changed during the fermentation rather than being 
left to assume the “normal” levels of an undisturbed fermentation.
series of experiments were then devised in which the exact nature of the effect of 
changing levels of dissolved oxygen on the production and preservation of cytoch­
rome P-450IA1 by Saccharomyces cerevisiae grown in high glucose could be elucidated.
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'y y fh a t can now be said is that there is some association between high glucose, oxygen 
and the production of cytochrome P-450IA1 which may perhaps be expressed 
diagramatically as
14-20 %
The initial glucose concentration 
is considered to be “HIGH”
Glucose
0 %
The oxygen concentration is above zero and below 
some higher level but what happens as the level of 
oxygen becomes too high is an uncertain grey area
0 %.
p ro v id in g  that the initial glucose concentration is 14 - 20 % and the fermentation 
remains within the limits of dissolved oxygen concentration then the changing levels 
of oxygen will have the effect as shown overleaf
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^lytochrom e P-450IA1 is most likely to be produced when
The D.O.T. is
rising
Having been 
held anaerobic 
or at a low value 
for some time
Preferably, having 
previously fallen
Rising D.O.T. can be associated with rising 
P-450IA1 more than once in the same 
fermentation
P-450IA1
Hours
P-450IA1
and all this can be 
demonstrated before the 
culture becomes too old
Hours
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Jpurther, the decline of cytochrome P-450IA1 is associated with falling levels of 
D.O.T. and it is the downward change in these levels rather than the actual level of 
oxygen which seems to promote the loss of the cytochrome.
\
| \ ]
The cytochrome is
lost as the D.O.T. 
falls
V________________J
w
The loss is more rapid if 
falls in D.O.T. are made 
to re-occur
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8 .2  The effect of Cooling.
J n  order to preserve as much as possible of the existing cytochrome P-450IA1 levels 
overnight the temperature can be lowered to about 12 -13 °C. The best level of oxygen 
concentration to set is however unknown.
8.3 Feeding of Glucose
J ^ o  worthwhile extra production of cytochrome P-450IA1 was achieved by feeding 
glucose during the course of the fermentation — neither as a single large feed nor 
as continuous feeding.
JJo w ev e r, it is possible that controlled glucose feeding may be worthwhile because 
it is effective in producing extra biomass and the method should be considered 
further.
8.4 Replacing half the medium with fresh medium
either replacing half of the medium and cells in suspension with fresh medium and 
returning the cells, nor simply replacing half the medium and cells in suspension 
with fresh medium was effective in promoting the formation of extra cytochrome 
P-450IA1 beyond that which would have been expected to be produced.
8.5 Ideal D.O.T. concentration for storage.
rJ 1he exploration of the ideal dissolved oxygen concentration for the preservation of 
cytochrome P-450IA1 has not found a single ideal level of oxygen which should be 
maintained.
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8.6 Biom ass peak
J t  was considered that the biomass peak may possibly provide a reliable guide to the 
subsequent occurrence of the P-450IA1 peak. However neither the timing nor the 
shape of the biomass maximum in these experiments could readily be used to predict 
the P-450IA1 maximum.
8 .7  Carbon dioxide peak
rJ 1he evolution of carbon dioxide or the demand for alkali may form a good guide to 
the P-450IA1 peak. In general the P-450IA1 peak seems to occur shortly after the 
rate of carbon dioxide evolution plunges downward.
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Chapter 9 - Recommendations for future study
9 .1  The effect of oxygen
^^ontrolling the fermentation so as to follow a defined path of dissolved oxygen 
concentration may be worthwhile.
9 .2  The effect of ethanol concentrations
rJ ',he gas chromatography apparatus enabled routine assays of ethanol concentration 
to be made on each run. The removal of ethanol and hence its toxic effect may have 
an interesting result.
9 .3  The correlation of P-450IA1 production with ethanol
rJ 1o define exactly the timing between the production of ethanol and the rise in the 
cytochrome P-450IA1 content of the cells would indeed be useful research.
^ ^ s  there is clearly an association between cytochrome P-450IA1 and the appearance 
of ethanol another interesting line of research is the response of the culture to the 
addition of varying amounts of ethanol, and perhaps higher alcohols, during the course 
of the fermentation.
9 .4  Schizosaccharomyces pombe
Schizosaccharomyces pombe is a fission yeast and the specimen we have obtained has 
been genetically engineered to enhance its P-450IA1 production. It does however 
require special media. It would be interesting to explore the effect of oxygen on this 
and many other yeasts.
9 .5  Electron microscope observations
A photograph of yeast cells taken under the Electron Microscope can reveal the 
number of bud scars on the yeast cells. This will give the average age of the culture. 
It is an interesting point of discussion as to at what age individual cells, (rather than 
the age of the culture as a whole) produce P-450IA1.
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9 .6  Biomass sensors
efficient Biomass Sensor (the main problem is disposing of air bubbles) would 
have been a useful addition to the control process. It may also be possible to 
construct an automatic analysis system for cytochrome P-450IA1.
9 .7  Calculation of m ass balances
rJ 1he rate of evolution of carbon dioxide as well as the usage of glucose, and the 
biomass should be incorporated into mass balance calculations, preferably done 
on-line by the computer during the run. (A glucose biosensor was not to hand at the 
time, but such devices are now available).
9.8 Carbon dioxide evolution
^ ^ s  the changing rate of carbon dioxide evolution may be useful in predicting the 
cytochrome P-450IA1 peak in an undisturbed fermentaion further studies could be 
done to quantify the reliability of this prediction.
9 .9  Mirroring the 5 litre fermentation.
A n y  taking of large numbers of samples from the 5 litre tank has to be done with due 
consideration that the volume of the remaining fluid has been changed. However 
the taking of some 100 cm of cells and medium from the tank at intervals and growing 
these samples in a shake flask can be a useful research tool for exploring the concept 
of what is meant by an “old” culture.
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